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SUMMARY.
Summary
A r e v i e w  o f  p r e v i o u s  work on t h e  p h o s p h a t e s  o f
a lu m in iu m  and  in d iu m  h a s  shown t h a t  on s e v e r a l  p o i n t s  t h e  
c o n c l u s i o n s  r e a c h e d  by t h e  v a r i o u s  w o r k e r s  a r e  r a t h e r  
c o n f l i c t i n g .  The p r e s e n t  work was u n d e r t a k e n  i n  t h e  h o p e  t h a t  
a p p l i c a t i o n  o f  p H - t i t r a t i o n  and  i o n - e x c h a n g e  m e th o d s  w ould  
e n a b l e  more p r e c i s e  c o n c l u s i o n s  t o  be  drawn.  S i m i l a r  s t u d i e s  
w ere  made o f  t h e  i n d iu m  p h o s p h a t e s  so t h a t  a  c o m p a r i s o n  c o u l d  
b e  made b e tw e e n  t h e  r e s u l t s  f o r  t h e  two s y s t e m s .  To make t h e  
c o m p a r i s o n  more c o m p l e t e ,  t h e  s y s t e m  in d iu m  o x i d e  -  p h o s p h o r i c  
o x i d e  -  w a t e r  was a l s o  s t u d i e d ,  b o t h  a t  25° and  a t  7 0 ° C . , and  
a s  a  r e s u l t  s e v e r a l  s t a b l e  s o l i d  p h a s e s  h a v e  b e e n  i d e n t i f i e d .
S t u d i e s  u s i n g  d i f f e r e n t  m e t a l  fo r m s  o f  a  c a t i o n -  
e x c h a n g e r  e n a b l e d  t h e  e x i s t e n c e  o f  p h o s p h a t o - ,  s u l p h a t o - ,  
and  c h l o r o -  c o m p le x e s  o f  a lu m in iu m  t o  be  d e m o n s t r a t e d .
s o l u t i o n s  c o n t a i n i n g  m e t a l ,  c h l o r i d e ,  a n d  p h o s p h a t e  i o n s  
i n d i c a t e d  t h e  p r e s e n c e  o f  p o l y n u c l e a r  com plex  i o n s  s u c h  a s
i n  p h o s p h o r i c  a c i d  c o n f i r m e d  t h e  e x i s t e n c e  o f  a n i o n i c  p h o s p h a t  
c o m p le x e s  o f  b o t h  a lu m in iu m  and  i n d iu m .  F o r  i n d iu m ,  t h e
C a t i o n - e x c h a n g e  s t u d i e s  w i t h  h y d r o g e n  fo rm  r e s i n  and
s o l u t i o n s .  I n  t h e  c a s e  o f  a l u m i ­
n ium ,  s u c h  c o m p le x e s  a p p e a r  t o  be  l e s s  s t a b l e  t h a n  t h e  
c o r r e s p o n d i n g  i n d iu m  c o m p le x e s .
A n i o n - e x c h a n g e  s t u d i e s  o f  m e t a l  p h o s p h a t e  s o l u t i o n s
s o r p t i o n  o f  a  com plex  i o n | l n H 2 ( P 0 4 ) i s  i n d i c a t e d
The- r e s u l t s  o f  p H - t i t r a t i o n  s t u d i e s  s u p p o r t e d  t h e s e  
c o n c l u s i o n s  a n d  f u r t h e r  i n d i c a t e d  t h a t  h y d r o x y - c o m p l e x e s  w ere  
p r e s e n t  ( a t  l e a s t  i n i t i a l l y )  i n  t h e  m e t a l  c h l o r i d e  s o l u t i o n s .
A c o m p a r a t i v e  d i s c u s s i o n  i s  g i v e n  Of t h e  r e s u l t s  o f  
t h e  s t u d i e s  o f  a lu m in iu m  and  in d iu m  p h o s p h a t e s .  A t t e m p t s  a r e  
made t o  a c c o u n t  f o r  t h e  w e a k e r  s o r p t i o n  o f  a lu m in iu m  p h o s p h a t e  
c o m p le x e s  by  i o n - e x c h a n g e r s ,  t a k i n g  i n t o  a c c o u n t  t h e  s m a l l e r  
i o n i c  r a d i u s  o f  a lu m in iu m  a s  com pared  w i t h  t h e  i o n i c  r a d i i  
o f  i n d iu m  and  i r o n ( l l l ) .  Methods  a r e  d e v e l o p e d  f o r  t h e  i n t e r ­
p r e t a t i o n  o f  t h e  q u a n t i t a t i v e  r e s u l t s  o f  t h e  i o n - e x c h a n g e  
s t u d i e s .
The work d e s c r i b e d  i n  t h i s  T h e s i s  was 
c a r r i e d  o u t  i n  t h e  C h e m i s t r y  R e s e a r c h  l a b o r a t o r i e s  
o f  B a t t e r s e a  P o l y t e c h n i c ,  u n d e r  t h e  s u p e r v i s i o n  o f  
t h e  S e n i o r  L e c t u r e r  i n  i n o r g a n i c  C h e m i s t r y  ,
D r .  J .  E. Salmon.
Thank's -are d u e  t o  Dr .  Salmon f o r  c o n t i n u e d  
a d v i c e  and  ' e n cou rag em en t  t h r o u g h o u t  t h e  p r o g r e s s  
o f  t h e  w ork .
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PART I.
GENERAL INTRODUCTION
1 -
I  ( a )  R e a s o n s  f o r  U n d e r t a k i n g  t h e  P r e s e n t  Work.
Aluminium p h o s p h a t e s  h a v e  b e e n  s t u d i e d  o f t e n ,  b u t  
m a i n l y  i n  r e l a t i o n  t o  t h e i r  r S l e  i n  t h e  c h e m i s t r y  o f  s o i l  
( s e e  e . g . r e v i e w s  by  W ild  ( 1 ) , ( 2 ) , ) .  As a  r e s u l t  a t t e n t i o n  
h a s  b e e n  d i r e c t e d  p r i m a r i l y  t o  s o l v i n g  p r a c t i c a l  p r o b le m s  
an d  l i t t l e  c o n s i d e r a t i o n  h a s  b e e n  g i v e n  t o  t h e  u n d e r l y i n g  
p r i n c i p l e s .
The f i r s t  s y s t e m a t i c  i n v e s t i g a t i o n s  o f  t h e  a lu m in iu m  
p h o s p h a t e  c o m p le x e s  w e re  made by Bede ( 3 ) .  He m e a s u r e d  t h e  
c o n d u c t i v i t i e s  o f  s o l u t i o n s  c o n t a i n i n g  m i x t u r e s  o f  f e r r i c  
o r  a lu m in iu m  c h l o r i d e s  w i t h  p h o s p h o r i c  a c i d .  The c o n d u c t ­
i v i t i e s  o f  t h e  s o l u t i o n s  w ere  g r e a t e r  t h a n  t h o s e  p r e d i c t e d  
by  a d d i t i o n  o f  t h e  c o n d u c t i v i t i e s  o f  t h e  c o n s t i t u e n t s ,  
p a r t i c u l a r l y  a t  a  m o le  r a t i o  MCl^ : H^PO^=  1 : 1 ? f ro m  h i s  
r e s u l t s  he  c o n c l u d e d  t h a t  t h e  c o m plex  j^PeCl^PO^ an d  a  
s i m i l a r  b u t  " w e a k e r ” a lu m in iu m  com plex  w ere  fo rm e d  i n  t h e s e  
two s y s t e m s .
However ,  l a t e r  s t u d i e s  b y  J e n s e n  ( 4 ) i n d i c a t e d  t h a t  
i n  s u c h  s o l u t i o n s  c o n t a i n i n g  p h o s p h a t e  a n d  c h l o r i d e ,  o n l y  
p u r e  p h o s p h a t o - c o m p l e x e s  w ere  f o r m e d .  B j e r r u m  and  Bahm ( 5 )  
h a d  i n  f a c t  a l r e a d y  assu m ed  t h i s  i n  i n t e r p r e t i n g  t h e  r e s u l t s  
o f  t h e i r  c o n d u c t i v i t y  and  p H ~ s t u d i e s  o f  t h i s  s y s t e m ,  b u t  
t h e i r  a t t e m p t s  t o  d e t e r m i n e  t h e  s t a b i l i t y  c o n s t a n t s  f o r  t h e  
c o m p le x e s  j ^ A l ^ P O ^ ^ ,  A ^ H g P O ^ ^  e^ c * r e s u l t s
i n c o m p a t i b l e  w i t h  a s s u m p t i o n s  made i n  t h e  c a l c u l a t i o n s .
11^ S8jB^WWWi*HS*BS^ SffW^ ?^ V itTI^ S^SS^BSSSISWSB^H ^^^^^SC^ r  .........................  •..................... .  _ . . .   . . . .
- 2-  |
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I o n - e x c h a n g e  s t u d i e s  by  Jam eso n  and  Salmon ( 6 ) o f  
s o l u t i o n s  o f  a lu m in iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d  e s t a b ­
l i s h e d  t h e  p r e s e n c e  i n  t h e s e  s o l u t i o n s  o f  a n i o n i c  c o m p le x e s  
s u c h  a s  Ja1(HPO^)^J^~  a n d ,  p o s s i b l y  jA l(H PO ^)^2" .  The e x i s t ­
e n ce  o f  c a t i o n i c  c o m p le x e s  i n  t h e s e  s o l u t i o n s  was i n d i c a t e d ,  
b u t  t h e i r  p r e c i s e  n a t u r e  c o u l d  n o t  be  a s c e r t a i n e d .  I t  was 
e v i d e n t ,  t h e r e f o r e ,  t h a t  much r e m a i n e d  t o  be  l e a r n e d  o f  t h e s e  
c o m p le x e s  and  o f  t h e  c a t i o n i c  o n e s  i n  p a r t i c u l a r .
By a n a l o g y  w i t h  t h e  f e r r i c  p h o s p h a t e  s y s t e m ,  i t
a p p e a r e d  t h a t  a  r e - e x a m i n a t i o n  o f  t h e  a lu m in iu m  c h l o r i d e  -  |
■ !
p h o s p h o r i c  a c i d  s o l u t i o n s  m i g h t  y i e l d  w o r t h - w h i l e  r e s u l t s ,  1
p a r t i c u l a r l y  i f  t h e  i o n - e x c h a n g e  t e c h n i q u e  employed  by  j
Salmon ( 7 )  i n  t h e  s t u d y  o f  t h e  f e r r i c  c h l o r i d e  -  p h o s p h o r i c  j
a c i d  s y s t e m  was u s e d .  The c h o i c e  o f  e x p e r i m e n t a l  t e c h n i q u e  
was i n  f a c t  s e v e r e l y  l i m i t e d  s i n c e  t h e  p o s s i b i l i t i e s  o f
i
c o n d u c t o m e t r i c  m e th o d s  h a d  a l r e a d y  b e e n  e x p l o i t e d  by  p r e v i o u s j
t
w o r k e r s ,  w h i l s t  s p e c t r o p h o t o m e t r i c  s t u d i e s  a n d  m a g n e t i c  j
s u s c e p t i b i l i t y  o r  e . m . f .  m e a s u r e m e n t s  a r e  o f  l i t t l e  o r  no [
u s e  i n  t h i s  p a r t i c u l a r  p r o b le m .  The i o n - e x c h a n g e  t e c h n i q u e  j
d i d  i n  f a c t  o f f e r  a  new m eth o d  o f  a p p r o a c h  a n d  t h e  s u c c e s s ,  j
a l b e i t  l i m i t e d ,  o f  t h e  p r e l i m i n a r y  i o n - e x c h a n g e  s t u d i e s  o f  
Jam eso n  an d  Salmon ( 6 ) ,  j u s t i f i e d  t h e  hope  t h a t  t h i s  m e th o d  j
m i g h t  be  f u r t h e r  a p p l i e d  i n  t h e  p r e s e n t  work w i t h  some !
.  f
s u c c e s s .  j
The r e s u l t s  o b t a i n e d  i n  t h e  s t u d y  o f  t h e  a lu m in iu m  1|
p h o s p h a t e s  i n  t h e  p r e s e n t  w o rk ,  and  t h o s e  o b t a i n e d  b y  
Jam eso n  a n d  Sa lmon,  showed a  num ber  o f  p o i n t s  o f  d i f f e r e n c e  |
- 3 -  . |
I
when com pared  w i t h  t h o s e  o b t a i n e d  f o r  t h e  f e r r i c  p h o s p h a t e  j 
s y s t e m ,  a l t h o u g h  g e n e r a l l y  f e r r i c  i r o n  a n d  a lu m in iu m  a r e  j
c o n s i d e r e d  t o  be  s i m i l a r  i n  t h e i r  p r o p e r t i e s  (E p h ra im  ( 8 ).).
I t  was t h o u g h t  t h a t  t h i s  v a r i a t i o n  m ig h t  b e  due t o  d i f f e r e n c e s  
i n  i o n i c  r a d i u s .  The f o l l o w i n g  v a l u e s  a r e  t h o s e  o b t a i n e d  by 
P a u l i n g  an d  q u o t e d  by  W e l l s  ( 9 ) -
M e t a l  A l3+ F e 3+ Ga3 +  I n 3 +
I o n i c  " C r y s t a l "  R a d i u s  Q-50 0>g0 0>62 d - 8 l  j
i n  cm~ . j
i
j
I n  o r d e r  t o  e s t a b l i s h  t h e  e f f e c t  w h ic h  i o n i c  r a d i u s  [
m i g h t  h a v e  on p h o s p h a t e  com plex  f o r m a t i o n ,  i t  was n e c e s s a r y  J
•|
t o  s t u d y  t h e  p h o s p h a t e s  o f  a  t e r v a l e n t  m e t a l  h a v i n g  a  l a r g e r  j 
i o n i c  r a d i u s  t h a n  t h a t  o f  a lu m in iu m .  S i n c e  t h e  i o n i c  r a d i u s  [ 
o f  g a l l i u m  i s  c l o s e  t o  t h a t  o f  a lu m in iu m ,  i n d iu m  a p p e a r e d  t o  |
f
be  more s u i t a b l e .
The s y s t e m  in d iu m  o x i d e  -  p h o s p h o r i c  o x id e  -  w a t e r
j
a t  25°C, an d  a t  70 °C ,  h a s  b e e n  s t u d i e d  i n  o r d e r  t h a t  a  d i r e c t -  
c o m p a r i s o n  c o u l d  b e  made w i t h  t h e  c o r r e s p o n d i n g  a lu m in iu m  
p h o s p h a t e  s y s t e m s  s t u d i e d  by  G u e r i n  and  M a r t i n  ( 1 0 ) , Ja m e s o n
t-
an d  Salmon ( 6 ) ,  and  B r o s h e e r ,  L e n f e s t y  and  A n d e r s o n  ( 1 1 ) .  [
A l s o  a  c o m p a r i s o n  o f  t h e  in d iu m  p h o s p h a t e s  w i t h  t h e  f e r r i c I
p h o s p h a t e s  was l i k e l y  t o  be  o f  i n t e r e s t .  A n i o n - e x c h a n g e  | 
s t u d i e s  h a v e  b e e n  made o f  s t a b l e  s o l u t i o n s  i n  t h e  i n d iu m  [ 
p h o s p h a t e  s y s te m  ( s o l u t i o n s  p r e p a r e d  f ro m  c o n s i d e r a t i o n  o f  
d a t a  a c q u i r e d  f ro m  t h e  p h a s e - d i a g r a m ) ,  and  o f  s o l u t i o n s  |
c o n t a i n i n g  in d iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d .  Prom t h e s e  t
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s o l u t i o n s  t h e  n a t u r e  o f  t h e  i o n s  p r e s e n t  c o u l d  be  d e t e r m i n e d ,
an d  t h e  r e s u l t s  com pared  w i t h  t h o s e  f o r  t h e  c o r r e s p o n d i n g  
f e r r i c  and  a lu m in iu m  s y s t e m s .
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I  ( b )  The T h r e e -c o m p o n e n t  P h a s e - d i a g r a m ,  j
. ■ ' I
F o r  t h r e e - c o m p o n e n t  s y s t e m s ,  f o u r  d e g r e e s  o f  f r e e d o m
a r e  p o s s i b l e  s i n c e  t h e  t e m p e r a t u r e ,  p r e s s u r e ,  an d  c o n c e n t r a t -  |
I
i o n  o f  two o f  t h e  co m p on en ts  c a n  be  v a r i e d  i n d e p e n d e n t l y *  j
i
S i n c e  t h e  s y s t e m s  u n d e r  c o n s i d e r a t i o n  a r e  s o l i d -  |
l i q u i d  s y s t e m s ,  on w h ic h  t h e  e f f e c t  o f  p r e s s u r e  i s  v e r y  
s m a l l ,  t h e  p r e s s u r e  v a r i a b l e  c a n  b e  d i s r e g a r d e d  a n d  t h e  work 
c a r r i e d  o u t  a t  a t m o s p h e r i c  p r e s s u r e .  F u r t h e r  s i m p l i f i c a t i o n  !
c a n  be  a c h i e v e d  by  s t u d y i n g  t h e  s y s t e m s  u n d e r  i s o t h e r m a l  
c o n d i t i o n s ,  so  t h a t  o n l y  t h e  two c o n c e n t r a t i o n  t e r m s  a r e  j
s e p a r a t e l y  v a r i a b l e ,  a n d  t h u s  a  p l a n a r  d i a g r a m  c a n  b e  u s e d .  j
A l t h o u g h  r e c t a n g u l a r  c o - o r d i n a t e s  c a n  be  u s e d ,  i t  i s  j 
more u s u a l  t o  u s e  t h e  t r i a n g u l a r  d i a g r a m .  The t r i a n g l e  c a n  
b e  o f  a n y  s h a p e ,  b u t  t h e  e q u i l a t e r a l  t r i a n g l e  i s  t h e  m o s t  
c o n v e n i e n t ,  e a c h  s i d e  b e i n g  t a k e n  t o  r e p r e s e n t  1 0 0 $ .  The 
p r o p e r t i e s  o f  t h e  e q u i l a t e r a l  t r i a n g l e  make i t  p a r t i c u l a r l y  
s u i t a b l e  f o r  t h e  r e p r e s e n t a t i o n  o f  a  t h r e e - c o m p o n e n t  s y s t e m .
( i ) .  F o r  a n y  p o i n t  (P )  i n  t h e  e q u i l a t e r a l  t r i a n g l e  
( F i g .  1 )  t h e  sum o f  t h e  d i s t a n c e s  o f  t h i s  p o i n t  t o  t h e  s i d e s  
o f  t h e  t r i a n g l e ,  m e a s u r e d  p a r a l l e l  t o  e a c h  s i d e  i n  t u r n ,  i s  
e q u a l  t o  t h e  l e n g t h  o f  t h e  s i d e  o f  t h e  t r i a n g l e ,  t h u s
a  + b t  c = 100 $ .  Hence  P u n i q u e l y  r e p r e s e n t s  a  m i x t u r e  made 
up o f  a $  o f  A, b $  o f  B,  and  c$  o f  0 .
( i i ) .  I f  a  l i n e  i s  d raw n f rom  a n y  c o r n e r  o f  t h e  
t r i a n g l e  t o  a  p o i n t  on t h e  o p p o s i t e  s i d e ,  t h e n  i t  r e p r e s e n t s
Fit. I.
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v a r y i n g  am o un ts  o f  t h e  component  r e p r e s e n t e d  b y  t h a t  c o r n e r ,  
w i t h  t h e  o t h e r  two b e a r i n g  a  c o n s t a n t  r a t i o  t o  e a c h  o t h e r .
Thus a l l  p o i n t s  on AX ( P i g .  1 )  r e p r e s e n t  a  c o n s t a n t  r a t i o  j
o f  B t o  C, i . e .  XC t o  BX, w i t h  v a r y i n g  am ou n ts  o f  A.
( i i i ) .  A l i n e  draVra p a r a l l e l  t o  a n y  s i d e  'of t h e
t r i a n g l e  r e p r e s e n t s  a  c o n s t a n t  amount  o f  t h a t  componen t  w h ic h  j 
i s  r e p r e s e n t e d  by  t h e  c o r n e r  o p p o s i t e  t h a t  s i d e *  w i t h  v a r y i n g  j
a m o u n ts  o f  t h e  o t h e r  two c o m p o n e n ts .  Thus YZ r e p r e s e n t s  a
c o n s t a n t  p r o p o r t i o n  o f  A. j
( i v ) .  I f  L a n d  If r e p r e s e n t  t h e  c o m p o s i t i o n s  o f  an y  
two m i x t u r e s  o f  t h e . three c o m p o n e n t s ,  t h e n  a n y  p o i n t  s u c h  a s
N on t h e  l i n e  j o i n i n g  th em ,  r e p r e s e n t s  a  m i x t u r e  o f  L an d  M [
i n  t h e  p r o p o r t i o n  NM a n d  NL r e s p e c t i v e l y .  Thus when one i
|
m i x t u r e  i s  a d d e d  t o  a n o t h e r  m i x t u r e ,  t h e n  t h e  p o i n t  w h i c h  j
r e p r e s e n t s  t h e  p r o d u c t  moves i n  a  s t r a i g h t  l i n e  t o w a r d s  t h e  j
p o i n t  d e n o t i n g  t h a t  w h ic h  i s  a d d e d .  Hence t h e  e f f e c t  o f  |
i
d i l u t i o n  o f  any  g i v e n  s o l u t i o n  c a n  b e  d e d u c e d .  S i m i l a r l y  i f  j
t h e  c o m p o s i t i o n  o f  one p h a s e ,  s a y  L,  i s  known, and  t h a t  o f  [
a  m i x t u r e  N, o f  t h i s  a n d  a n o t h e r  p h a s e  M, t h e n  t h e  c o m p o s i t -  !
i o n  o f  t h e  l a t t e r  c a n  be  a s c e r t a i n e d  by  e x t r a p o l a t i o n .
Use o f  t h i s  i s  made i n  t h e  !,w e t  r e s i d u e '1 m e th o d
r
■ i"
( S c h r e i n e m a k e r s ( l 2 ) ) f o r  f i n d i n g  t h e  c o m p o s i t i o n  o f  t h e  s o l i d  j
i
p h a s e  i n  e q u i l i b r i u m  w i t h  a  g i v e n  s a t u r a t e d  s o l u t i o n .  j
I f  t h e  p o i n t s  R and  R* r e p r e s e n t  two s a t u r a t e d  . j
s o l u t i o n s ,  a n d  S a n d  S ’ r e p r e s e n t  t h e  m o i s t  s o l i d s  i n  e q u i l -  |
i b r i u m  w i th ,  t h e  s o l u t i o n s ,  t h e n  t h e  e x t r a p o l a t i o n  o f  t h e  S
l i n e s  RS and  R ’ S ’ w i l l  g i v e  t h e  p o i n t  o f  i n t e r s e c t i o n  T, I
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w h ic h  w i l l  r e p r e s e n t  t h e  c o m p o s i t i o n  o f  t h e  s t a b l e  s o l i d  
p h a s e .  I n  p r a c t i c e  t h r e e  o r  more s u c h  ,it i e - l i n e s M a r e  r e ­
q u i r e d  t o  f i x  t h e  p o s i t i o n  o f  T w i t h  any  d e g r e e  o f  c e r t a i n i t y .
I n  t h i s  way a  c o m p l e t e  p h a s e - d i a g r a m  c a n  be  c o n s t r u c t ­
e d ,  c o n s i s t i n g  o f  t h e  s o l u b i l i t y  i s o t h e r m s  s u c h  a s  RR* , j o i n e d  
by  a  s e r i e s  o f  t i e - l i n e s  t o  t h e  s o l i d  i n  e q u i l i b r i u m  w i t h  
t h e  s o l u t i o n s ,  a  b r e a k  i n  t h e  s o l u b i l i t y  i s o t h e r m  g e n e r a l l y  
o c c u r r i n g  a t  e a c h  ch an g e  o f  p h a s e ,  a s  i n d i c a t e d  i n  t h e  
d i a g r a m .
-8-
I  ( c )  I o n - e x c h a n g e  R e s i n s .
The p r o c e s s  o f  i o n - e x c h a n g e  was f i r s t  o b s e r v e d  by 
two B r i t i s h  s o i l  c h e m i s t s ^  Way an d  Thompson ( 1 3 )  , i n  18 5 0 .  
However ,  i t  was n o t  u n t i l  1905 t h a t  G-ans ( 1 4 )  i n  h i s  i n v e s t ­
i g a t i o n s  o f  t h e  c o l l o i d - c h e m i s t r y  o f  t h e  a l u m i n o - s i l i c a t e s ,  
r e a l i s e d  t h a t  t h e s e  s u b s t a n c e s  c o u l d  be  u s e d  f o r  w a t e r  
s o f t e n i n g .  T h i s  i n v o l v e d  t h e  p e r c o l a t i o n  o f  " h a r d ” ( i . e .  
c a l c i u m  c o n t a i n i n g )  w a t e r  t h r o u g h  a  co lum n c o n t a i n i n g  a  
s y n t h e t i c  sod ium  a l u m i n o - s i l i c a t e  e x c h a n g e r  a n d  t h e  c a l c i u m  
i o n s  w e re  r e p l a c e d  by  sod ium  i o n s  f rom  t h e  e x c h a n g e r .  
R e g e n e r a t i o n  o f  t h e  e x c h a n g e r  ( i . e . r e - c o n v e r s i o n  t o  t h e  
sod ium  fo rm )  c o u l d  b e  r e a d i l y  a c h i e v e d  b y  p a s s i n g  a  c o n c e n t ­
r a t e d  b r i n e  s o l u t i o n  t h r o u g h  t h e  co lum n.
I t  was n o t  u n t i l  1 9 3 5 , h o w e v e r , when o r g a n i c  i o n -  
e x c h a n g e  r e s i n s  w ere  f i r s t  p r e p a r e d  b y  Adams and  Holmes ( 1 5 ) ,  
t h a t  e x c h a n g e r s  c o u l d  b e  u s e d  f o r . e x c h a n g e  r e a c t i o n s  i n v o l v ­
i n g  h y d r o g e n  i o n s .  C a t i o n - e x c h a n g e r s  w e re  s y n t h e s i s e d  by  
c o n d e n s a t i o n s  o f  p h e n o l - s u l p h o n i c  a c i d s  w i t h  f o r m a l d e h y d e ,  
an d  a t  t h e  same t i m e  w e a k ly  b a s i c  a n i o n - e x c h a n g e  r e s i n s  w ere  
p r e p a r e d  by  c o n d e n s i n g  p o l y - a m i n e s  w i t h  f o r m a l d e h y d e .
I o n - e x c h a n g e  r e s i n s  h a v e  b e e n  g r e a t l y  im p ro v e d  i n  
r e c e n t  y e a r s ,  and  i t  i s  now p o s s i b l e  t o  o b t a i n  r e s i n s  h a v i n g  
a  much g r e a t e r  v a r i e t y  o f  f u n c t i o n a l  g r o u p s ,  and  a  c o n s i d e r ­
a b l e  r a n g e  o f  d e g r e e  o f  c r o s s - l i n k i n g .
One o f  t h e  m os t  i m p o r t a n t  c h a r a c t e r i s t i c s  t h a t  m u s t
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b e  p o s s e s s e d  by  a n  i o n - e x c h a n g e  r e s i n ,  i s  c o m p l e t e  i n s o l u ­
b i l i t y  i n  t h e  medium i n  w h ic h  i t  i s  t o  b e  u s e d .  T h i s  i s  
a c h i e v e d  by  c r o s s - l i n k i n g  l o n g - c h a i n  m o l e c u l e s  t o  p r o d u c e  
a  l a r g e  t h r e e - d i & m e n s i o n a l  n e t - w o r k .  To t h i s  n e t - w o r k  a r e  
a f f i x e d ,  a t  i n t e r v a l s  a l o n g  t h e  c h a i n s ,  t h e  a c t i v e  e x ch a n g e
g r o u p s  s u c h  a s  -SCLH; -COOH; -OHj e t c ,  f o r  t h e  c a t i o n -
+
e x c h a n g e r s ,  and  -NHg* -NHRj -NR^; e "^ Co ^ o:i:! a n i ° n ~
e x c h a n g e r s .  -
A l l  t h e s e  g r o u p s  t e n d  t o  make t h e  r e s i n  s o l u b l e  an d  
c a u s e  i t  t o  s w e l l  i n  w a t e r ,  w h e r e a s  a n  i n c r e a s e  i n  t h e  
d e g r e e  o f  c r o s s - l i n k i n g  h a s  t h e  o p p o s i t e  e f f e c t .  U s e f u l  
c a p a c i t y  i s  i n  t h e  w e t  ( S w o l l e n )  s t a t e ,  t h e r e f o r e  t h i s  i s  
a t  a  maximum w i t h  a  h i g h  d e g r e e  o f  c r o s s - l i n k i n g  a n d  a  h i g h  
c o n c e n t r a t i o n  o f  a c t i v e  g r o u p s .  H ig h  c r o s s - l i n k i n g ,  h o w e v e r ,  
t e n d s  t o  s lo w  down t h e  r a t e  o f  d i f f u s i o n  o f  i o n s  t h r o u g h  t h e  
r e s i n  ( t h e  p a s s a g e  o f  l a r g e  i o n s  i s  c o m p l e t e l y  p r e v e n t e d ) ,  
an d  i n  p r a c t i c e  a  com prom ise  h a s  u s u a l l y  t o  b e  a d o p t e d .
I n  t h e  s t u d i e s  o f  c o m p l e x - f o r m a t i o n ,  m o n o - f u n c t i o n a l  
r e s i n s  w ere  r e q u i r e d .  Those  b a s e d  on a  c r o s s - l i n k e d  p o l y ­
s t y r e n e  w i t h  e i t h e r  s u l p h o n i c  a c i d  o r  q u a t e r n a r y  ammonium 
g r o u p s  a s  a c t i v e  c e n t r e s  w ere  m o s t  s u i t a b l e .  The r e s i n s
u s e d  w ere  t h e  a n a l y t i c a l  g r a d e s  o f  Zeo Karb  225 ( a s  t h e  
c a t i o n - e x c h a n g e r ) , and  A m b e r l i t e  I .R .A . - r 4 0 0  ( a s  t h e  a n i o n -  
e x c h a n g e r ) .  -
I o n - e x c h a n g e  r e a c t i o n s  h a v e  t h e  f o l l o w i n g  i m p o r t a n t  
f e a t u r e s .  They a r e  s t o i c h i o m e t r i c ,  e v e r y  g r a m m e - e q u i v a l e n t  
o f  t h e  i o n  t a k e n  up by  t h e  r e s i n  l i b e r a t e s  one gramme-
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e q u i v a l e n t  o f  t h e  i o n  i n i t i a l l y  on t h e  r e s i n .  They a r e  
r e v e r s i b l e  and  t h e  f i n a l  s t a t e  o f  t h e  s y s t e m  i s  i n d e p e n d e n t  
o f  t h e  d i r e c t i o n  f rom  w h ic h  t h e  e q u i l i b r i u m  i s  a p p r o a c h e d .
A l l  e x ch a n g e  g r o u p s  a r e  a c c e s s i b l e  a s  s i t e s  f o r  e x c h a n g e  o f  - 
s m a l l  i o n s .
I o n - e x c h a n g e  m a t e r i a l s  w e re  f i r s t  u s e d  i n  s t u d i e s  
o f  t h e  i o n s  p r e s e n t  i n  s o l u t i o n ,  when G u e n t h e r - S c h u l z e  (1 6 )  
i n v e s t i g a t e d  t h e  com plex  i o n s  fo rm ed  b e tw e e n  d i v a l e n t  m e t a l  
i o n s  an d  c h l o r i d e  i o n s .  O t h e r  w o r k e r s  i n  t h i s  f i e l d  h a v e  
a l s o  a d o p t e d  i o n - e x c h a n g e  m e th o d s  i n  i n v e s t i g a t i o n s  o f  
co m p lex  i o n s  p r e s e n t  i n  s o l u t i o n .
Among many o t h e r  w o r k e r s  who h a v e  p u b l i s h e d  r e s u l t s  
o f  i o n - e x c h a n g e  s t u d i e s  o f  com plex  s y s t e m s  a r e s  G u s t a v s o n  ( 1 7 ) 
S a m u e lso n  ( 1 8 ) ,  S c h u b e r t  ( 1 9 ) ,  F r o n a e u s  ( 2 0 ) ,  K r a u s  a n d  Moore 
a n d  t h e i r  c o - w o r k e r s  ( 2 1 ) ,  a n d  Salmon a n d  h i s  c o - w o r k e r s  ( 2 2 ) .  
The l a t t e r  a u t h o r  h a s  r e c e n t l y  p u b l i s h e d  a  r e v i e w  o f  i o n - ' ’ 
e x c h a n g e  m e th o d s  u s e d  t o  i n v e s t i g a t e  com p lex  f o r m a t i o n  i n  
s o l u t i o n  ( 23) .
I n  t h e  p r e s e n t  w o r k , t h e  b a t c h  m e th o d  was a d o p t e d  
t h r o u g h o u t  t h e  e x p e r i m e n t s .  A known q u a n t i t y  o f  r e s i n  was 
a d d e d  t o  a  known vo lum e  o f  s o l u t i o n  ( s u f f i c i e n t l y  l a r g e  so  
t h a t  t h e  s o r p t i o n  o f  i o n s  b y  t h e  r e s i n  s h o u l d  n o t  a f f e c t  
a p p r e c i a b l y  t h e  c o n c e n t r a t i o n  o f  t h e .  s o l u t i o n ) , and  t h e  two 
w ere  s h a k e n  t o g e t h e r  u n t i l  e q u i l i b r i u m  was r e a c h e d . A  c o m p l e t e  
d e s c r i p t i o n  o f  t h e  m e th o d  u s e d ,  w i t h  a p p r o p r i a t e  e x p e r i m e n t a l  
d e t a i l s  i s  g i v e n  i n  P a r t  I I  ( c ) .
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PART II.
ALUMINIUM PHOSPHATE COMPLEXES 
IN SOLUTION
I I  ( a )  H i s t o r i c a l  I n t r o d u c t i o n .
The e a r l i e s t  s y s t e m a t i c  s t u d i e s  o f  t h e  a lu m in iu m  
p h o s p h a t e s  w ere  made by  E r l e n m e y e r  ( 2 4 ) ,  when he  p r e p a r e d  
and  a n a l y s e d  t h e  p r i m a r y ,  p r i m a r y - s e c o n d a r y  ( 1 : 2 ) ,  and  
t e r t i a r y  a lu m in iu m  p h o s p h a t e s .  T r a v e r s ,  and  P e r r o n  ( 2 5 ) ,  r e ­
p e a t e d  t h i s  work and  e x t e n d e d  i t p  i n  t h e i r  s t u d i e s  t h e y  i n ­
d i c a t e d  t h e  b e s t  m e th o d s  o f  p r e p a r a t i o n  o f  t h e  s a l t s .  The 
p h a s e - d i a g r a m  f o r  t h e  a lu m in iu m  o x i d e  -  p h o s p h o r i c  o x i d e  -  
w a t e r  s y s te m  was s t u d i e d  a t  60°C o by  G u e r i n  an d  M a r t i n  ( 2 6 ) ,  
a t  25°C. by  Jam eso n  and  Salmon ( 27 )  and  a t  2 5 ° ,  5 0 ° , a n d  7 5 °C. 
by B r o s h e e r ,  L e n f e s t y  a n d  A n d e r s o n  ( 2 8 ) .
The c o m p le x e s  o f  a lu m in iu m ,  i n  s o l u t i o n s  w h ic h  c o n ­
t a i n e d  p h o s p h a t e  a n d  c h l o r i d e  i o n s ,  w ere  i n v e s t i g a t e d  by 
Bede ( 29) ?  f rom  c o n s i d e r a t i o n  o f  r e s u l t s  o b t a i n e d  by  t h e  u s e  
o f  c o n d u c t i v i t y  m e t h o d s ,  he  s u g g e s t e d  t h e  e x i s t e n c e  o f  
c h l o r o p h o s p h a t o - c o m p l e x e s .  The c o m p l e x i t y  c o n s t a n t s  an d  t h e  
a c i d  d i s s o c i a t i o n  c o n s t a n t s  f o r  p h o s p h a t o - a l u m i n i u m  c o m p l e x e s ,
if
s u c h  a s a i h 2p o 4 2 + , | a i e p o 4 a n d  |A1(HP04 ) 2 ( w h i c h ,
a m o ng s t  o t h e r s ,  t h e y  assum ed  t o  o c c u r ) ,  w e re  c a l c u l a t e d  by  
B j e r r u m  an d  Bahm(30) f rom  c o n d u c t i v i t y  a n d  pH m e a s u r e m e n t s  
made on m i x t u r e s  o f  a lu m in iu m  c h l o r i d e  s o l u t i o n  an d  sod ium  
d i h y d r o g e n  p h o s p h a t e  s o l u t i o n .  However,  t h e  r e s u l t s  o b t a i n e d  
f o r  t h e s e  c o n s t a n t s  i n d i c a t e d  t h a t  t h e  a s s u m p t i o n s  w h ic h  t h e y  
h a d  made i n  t h e i r  c a l c u l a t i o n s  were  i n c o r r e c t .  T h ese  r e s u l t s  
w ere  r e v i e w e d  by  J e n s e n  ( 3 1 ) ,  i n  c o n j u n c t i o n  w i t h  h i s  own
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s o l u b i l i t y  d a t a .  He showed t h a t  i n  a c i d  s o l u t i o n s  c o n t a i n i n g  
p h o s p h a t e  and  c h l o r i d e ,  f o r  a  c o n s t a n t  p h o s p h a t e  i o n  c o n c e n ­
t r a t i o n ,  t h e  s o l u b i l i t y  o f  a lu m in iu m  p h o s p h a t e  was n o t  
a f f e c t e d  by  a n  i n c r e a s e  i n  t h e  c h l o r i d e  i o n  c o n c e n t r a t i o n .
He c o n c l u d e d ,  t h e r e f o r e ,  t h a t  c h i o r o p h o s p h a t o - c o m p l e x e s  w ere  
m os t  u n l i k e l y  t o  be  p r e s e n t .
R e c e n t l y ,  J a m e s o n  a n d  Salmon ( 2 7 ) ,  i n  t h e i r  i o n -  
e x ch a n g e  s t u d i e s  o f  p u r e  p h o s p h a t e  s o l u t i o n s ,  showed t h a t  
a n i o n i c  p h o s p h a t o - a l u m i n i u m  c o m p le x e s  w ere  s o r b e d  t o  a  
m o d e r a t e  e x t e n t  b y  a n  a n i o n - e x c h a n g e r ,  a n d  t h a t  t h e r e  was 
e v i d e n c e  t o o ,  f o r  t h e  s l i g h t  s o r p t i o n  o f  c a t i o n i c  complexes^  
by a  c a t i o n - e x c h a n g e r .  Prom c o n s i d e r a t i o n  o f  t h e s e  r e s u l t s ,  
and  by  a n a l o g y  w i t h  t h e  r e s u l t s  f o r  t h e  c o r r e s p o n d i n g  ex ­
p e r i m e n t s  on f e r r i c  p h o s p h a t e  s o l u t i o n s ,  t h e  e x i s t e n c e  o f  
t h e  | a 1 (HP0 4 ) i o n  was s u g g e s t e d ,  b u t  o t h e r  c o m p le x e s  
were  n o t  r u l e d  o u t .  The c a t i o n i c  c o m p lex  c o u l d  n o t  be  
i d e n t i f i e d .
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I I  ( b )  Scope o f  t h e  Work.
( i ) .  S t u d i e s  w ere  made t o  a s c e r t a i n  t h e  n a t u r e ,  num ber ,  
and  t y p e s  o f  c o m p le x e s  p r e s e n t  i n  s o l u t i o n s  c o n t a i n i n g  
a lu m in iu m  a n d  p h o s p h a t e ,  and  ( s o m e t i m e s )  o t h e r  i o n s .
F o r  t h i s  p u r p o s e  a lu m in iu m  s a l t  s o l u t i o n s  w e re  
t i t r a t e d  w i t h  p h o s p h o r i c  a c i d  s o l u t i o n s  an d  sod ium  d i h y d r o g e n  
p h o s p h a t e  s o l u t i o n s  an d  t h e  pH was r e c o r d e d  t h r o u g h o u t  t h e  
t i t r a t i o n s .  I o n - e x c h a n g e  s t u d i e s  w ere  a l s o  made on s i m i l a r  
s o l u t i o n s ,  an d  i n  t h e s e  s t u d i e s  b o t h  c a t i o n  a n d  a n i o n -  
ex ch an g e  r e s i n s  w ere  u s e d .
( i i ) .  S o l u t i o n s  o f  p h o s p h o r i c  an d  o t h e r  a c i d s  w i t h  s a m p le s  
o f  t h e  c a t i o n - e x c h a n g e  r e s i n  i n  t h e  a lu m in iu m  fo rm  w ere  
a l l o w e d  t o  r e a c h  e q u i l i b r i u m .  S t u d i e s  w ere  made o v e r  a  r a n g e  
o f  pH, a n d ,  i n  a d d i t i o n ,  f o r  p h o s p h o r i c  a c i d  t h e  e f f e c t  o f  
t im e  o f  c o n t a c t  b e tw e e n  t h e  s o l u t i o n s  a n d  t h e  r e s i n  was 
i n v e s t i g a t e d .
I n  t h i s  w o rk ,  some e x p e r i m e n t s  w e re  a l s o  c a r r i e d  
o u t  u s i n g  t h e  c a t i o n - e x c h a n g e r  i n  t h e  z i n c  fo rm  f o r  p u r p o s e s  
o f  c o m p a r i s o n .  The r e s u l t s  t h u s  o b t a i n e d  f o r  t h e  two m e t a l s  
gave  a n  i n d i c a t i o n  o f  t h e  r e l a t i v e  d e g r e e s  o f  complex ' f o r m a ­
t i o n  b e tw e e n  t h e  v a r i o u s  a n i o n s  an d  t h e  two c a t i o n s .
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I I  ( c )  E x p e r i m e n t a l .
( i ) .  A p p a r a t u s .
F o r  t h e  p H - t i t r a t i o n s , a  c o m m e rc ia l  p H - m e te r  
( m a n u f a c t u r e d  b y  t h e  C am b r id g e  I n s t r u m e n t  C o . ) was u s e d  
w i t h  a  g l a s s  e l e c t r o d e  -  s a t u r a t e d  c a l o m e l  e l e c t r o d e  s y s t e m .
A s h a k i n g  m a c h in e  was u s e d  t o  s h o r t e n  t h e  t i m e  r e ­
q u i r e d  f o r  e q u i l i b r i u m  t o  be  r e a c h e d  b e tw e e n  s o l u t i o n s  an d  
i o n - e x c h a n g e r s .
A l l  g l a s s - w a r e  was c l e a n e d  w i t h  c h ro m ic  a c i d , w a s h e d  
w i t h  d i s t i l l e d  w a t e r ,  a n d  d r i e d  i n  t h e  o ven .  F o r  t h e  i o n -  
e x ch a n g e  e x p e r i m e n t s ,  100  m l .  c o n i c a l  f l a s k s  w e re  u s e d  t o  
c o n t a i n  t h e  s o l u t i o n s .  The f l a s k s  w ere  c l o s e d  w i t h  r u b b e r  
b u n g s  w h ic h  h a d  b e e n  c a r e f u l l y  p r e p a r e d  f o r  u s e  by  b o i l i n g  
s u c c e s s i v e l y  w i t h  5$ sod ium  c a r b o n a t e  s o l u t i o n ,  M /10 
h y d r o c h l o r i c  a c i d ,  a n d  d i s t i l l e d  w a t e r  ( t w i c e ) .  T h i s  
t r e a t m e n t  n o t  o n l y  e n s u r e d  c l e a n l i n e s s  b u t  h a d  t h e  a d d e d  
a d v a n t a g e  o f  s o f t e n i n g  t h e  r u b b e r .
Two s i z e s  o f  g l a s s  co lum n  ( a s  shown i n  F i g .  2) w ere  
u s e d  t o  c o n t a i n  t h e  i o n - e x c h a n g e  r e s i n s .  The l a r g e r  s i z e  
(2  cm. i n  d i a m e t e r ,  25 cm. i n  l e n g t h )  w e re  c o n v e n i e n t  t o  
h o l d  20 gm. o f  r e s i n  d u r i n g  t r e a t m e n t  b e f o r e  u s e .  S m a l l e r  
co lum ns  (1  cm. i n  d i a m e t e r ,  10  cm. i n  l e n g t h )  w ere  u s e d  i n  
c o n j u n c t i o n  w i t h  t h e  b a t c h  e x p e r i m e n t s ,  t o  h o l d  e i t h e r  
0 .5 0 0  gm. o r  1 . 0 0 0  gm. s a m p le s  o f  r e s i n .  B o th  s i z e s  o f  
co lumn h a d  s i n t e r e d  d i s c s  a t  t h e i r  l o w e r  e nd s  t o  r e t a i n  t h e
F I C r  I .
Xofcl-ExCHfltfCrE. C olum ns
LRflCrE. Column
H o l d i n g - z s y m .
O P  R e.S I * J
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r e s i n ,  an d  w ere  e q u ip p e d  w i t h  s i d e  t u b e s  (see P i g . 2) so t h a t  
t h e  l e v e l  o f  l i q u i d  i n  t h e  co lum n s h o u l d  n e v e r  f a l l  b e lo w  
t h a t  ctf t h e  r e s i n .
( i i ) . P r e p a r a t i o n  o f  S o l u t i o n s  and  M a t e r i a l s .
The a lu m in iu m  c h l o r i d e  s o l u t i o n s  u s e d  f o r  b o t h  t h e  
p H - t i t r a t i o n s  an d  t h e  i o n - e x c h a n g e  e x p e r i m e n t s  w e re  p r e p a r e d  
f rom  a lu m in iu m  m e ta l*  A w e ig h e d  amount  o f  s p e c t r o s c o p i c a l l y  
p u r e  a lu m in iu m  was d i s s o l v e d  u n d e r  r e f l u x  i n  a  c a l c u l a t e d  
e x c e s s  o f  " A n a l a r ' ’ h y d r o c h l o r i c  a c i d  d i l t i t e d  w i t h  a n  e q u a l  
vo lume o f  d i s t i l l e d  w a t e r .  The e x c e s s  o f  a c i d  u s e d  was c a l ­
c u l a t e d  c a r e f u l l y  so t h a t  t h e  pH o f  t h e  f i n a l  s o l u t i o n , w h e n  
d i l u t e d  w i t h  d i s t i l l e d  w a t e r  t o  a  known v o lu m e ,  s h o u l d  be  a s  
h i g h  a s  p o s s i b l e  i n  t h e  r a n g e  1 . 5  -  2 . 0 .
The p h o s p h o r i c  a c i d  s o l u t i o n s  f o r  t h e  p H - t i t r a t i o n s  
an d  t h e  i o n - e x c h a n g e  e x p e r i m e n t s  w e re  p r e p a r e d  by  d i l u t i o n  
o f  ’’A n a l a r 1' s y r u p y  p h o s p h o r i c  a c i d  t o  a p p r o x i m a t e l y  t h e  
s t r e n g t h  r e q u i r e d .  T h ese  w ere  t h e n  s t a n d a r d i z e d  w i t h  a l k a l i .  
The sod ium  d i h y d r o g e n  p h o s p h a t e  s o l u t i o n s  a l s o  u s e d  i n  pH 
and  i o n - e x c h a n g e  e x p e r i m e n t s  w e re  p r e p a r e d  by  d i s s o l v i n g  
t h e  ’’A n a l a r "  s a l t  i n  w a t e r .  The s t r e n g t h s  o f  t h e s e  s o l u t i o n s  
w ere  c h e c k e d  by  g r a v i m e t r i c  d e t e r m i n a t i o n  o f  t h e i r  p h o s p h a t e  
c o n t e n t .
The p h o s p h o r i c  an d  o t h e r  a c i d  s o l u t i o n s  u s e d  i n  t h e  
i o n - e x c h a n g e  s t u d i e s  w i t h  m e t a l  fo rm s  o f  t h e  c a t i o n - e x c h a n g e  
r e s i n  w ere  p r e p a r e d  by d i l u t i o n  o f  t h e  a p p r o p r i a t e  a n a l y t i c a l  
g r a d e  a c i d s  t o  a p p r o x i m a t e l y  t h e  s t r e n g t h  r e q u i r e d .  The f i n a l
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a d j u s t m e n t  t o  t h e  r e q u i r e d  p H - v a l u e s  ( a s  d e t e r m i n e d  hy. t h e  
p H - m e t e r ) ,  was made by  t h e  a d d i t i o n  o f  s m a l l  q u a n t i t i e s  o f  
e i t h e r  a c i d  o r  w a t e r .  I n  t h e  p r e p a r a t i o n  o f  s o l u t i o n s  o f  
p e r c h l o r i c  a c i d  o f  a  known pH, i t  was n e c e s s a r y  t o  u s e  a  
" s a l t  b r i d g e " ,  o f  sod ium  n i t r a t e  t o  s e p a r a t e  t h e  c a l o m e l  
e l e c t r o d e  f rom  t h e  t e s t  s o l u t i o n  t o  a v o i d  p r e c i p i t a t i o n  o f  
p o t a s s i u m  p e r c h l o r a t e .
The t e r t i a r y  a lu m in iu m  p h o s p h a t e  u s e d  i n  t h e  a n i o n -  
e x c h a n g e  e x p e r i m e n t s  i n  p h o s p h o r i c  a c i d  s o l u t i o n  was p r e p a r e d  
a c c o r d i n g  t o  t h e  m e th o d  o f  Ja m eso n  a n d  Salmon ( 2 7 ) .  To a  
s o l u t i o n  o f  50 gm. o f  " A n a l a r "  ammonium a lum  i n  500 m l .  o f  j 
w a t e r ,  10 m l .  o f  " A n a l a r "  s y r u p y  p h o s p h o r i c  a c i d  was a d d e d .  
Sodium h y d r o x i d e  s o l u t i o n  ( 0 . 1 M . ) was t h e n  a d d e d  u n t i l  t h e  
p r e c i p i t a t e  w h ic h  fo rm e d  j u s t  p e r s i s t e d ;  t h e  s o l u t i o n  was 
f i l t e r e d  an d  t h e n  h e a t e d  on a  s t e a m - b a t h .  As a  r e s u l t  o f  
t h e  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  s o l u b i l i t y  o f
a lu m in iu m  p h o s p h a t e ,  t h i s  s o l i d  was t h e n  p r e c i p i t a t e d .  A f t e r  1|
t h e  s u s p e n s i o n  h a d  b e e n  h e a t e d  f o r  6 h o u r s ,  t h e  p r e c i p i t a t e ,  
w h ic h  a t  f i r s t  was g e l a t i n o u s ,  became g r a n u l a r .  The s u p e r ­
n a t a n t  l i q u i d  was t h e n  sy p h o n e d  o f f ,  r e p l a c e d  w i t h  a  s o l u t i o n  
o f  1 m l .  o f  p h o s p h o r i c  a c i d  i n  500 m l .  o f  w a t e r  a n d  h e a t i n g  j 
was c o n t i n u e d  f o r  a  f u r t h e r  6 h o u r s .  T h i s  p r o c e d u r e  was r e -  . |
p e a t e d  t w i c e  more w i t h  w a t e r ,  t h e  s o l i d  was f i l t e r e d  o f f ,  
and  w ashed  w i t h  500 m l .  o f  b o i l i n g  w a t e r .  The w h i t e  s o l i d  
t h u s  p r o d u c e d ,  w h ic h  was f r e e  f ro m  sod ium  by  t h e  f l a m e  t e s t ,  
was t h e n  a l l o w e d  t o  d r y  i n  t h e  a i r .  S p e c im en  a n a l y s e s  a r e  
g i v e n  i n  T a b l e  1 .
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( i i i ) .  T r e a t m e n t  o f  I o n - e x c h a n g e  R e s i n s  b e f o r e  u s e .
( a ) .  Zeo Karb 225. The- c o m m e r c i a l l y  a v a i l a b l e  c a t i o n -  
e x ch a n g e  r e s i n  Zeo Karb  225 was f i r s t  s t i r r e d  w i t h  two 
s u c c e s s i v e  am o u n ts  o f  2M. h y d r o c h l o r i c  a c i d .  The r e s i n  
s l u r r y  was t h e n  p l h c e d  i n  a  l a r g e  t y p e  (25 cm. i n  l e n g t h )  
g l a s s  co lum n,  an d  by  means o f  a  t a p - f u n n e l  a  f u r t h e r  1 l i t r e  
o f  a c i d  was p a s s e d  s l o w l y  t h r o u g h  t h e  r e s i n .  The r e s i n  was 
t h e n  w ashed  c a r e f u l l y  w i t h  w a t e r  u n t i l  t h e  w a s h i n g s  w ere  
n e u t r a l  t o  m e t h y l  o r a n g e .  I f  t h e  r e s i n  was r e q u i r e d  i n  t h e  
h y d r o g e n  fo r m ,  i t  was rem oved  f ro m  t h e  co lum n a t  t h i s  s t a g e  
and  a l l o w e d  t o  d r y  i n  t h e  a i r .  However ,  i f  i t  was r e q u i r e d
i n  t h e  a lu m in iu m  fo rm  o r  t h e  z i n c  fo rm ,  t h e  r e s i n  was f u r t h e r  
t r e a t e d  w i t h  e x c e s s  o f  a n  M/10 s o l u t i o n  o f  a  s u i t a b l e  s a l t  
o f  t h e  m e t a l  and  a g a i n  t h o r o u g h l y  w ashed  w i t h  w a t e r  b e f o r e  
i t  was a l l o w e d  t o  d r y  i n  t h e  a i r .  The r e s i n  was s i e v e d  c a r e ­
f u l l y  t o  remove b o t h  v e r y  l a r g e  a n d  v e r y  s m a l l  p a r t i c l e s , a n d  
was t h e n  r e a d y  f o r  u s e .
( b ) .  A m b e r l i t e  I . E . A . - 4 0 0 .  The a v a i l a b l e  r e s i n  was t r e a t e d  
i n  e x a c t l y  t h e  sam e-m anner  a s  t h a t  d e s c r i b e d  a b ov e  f o r
Zeo Karb  225. The r e s i n  was p r e p a r e d  by  t h i s  p r o c e s s  i n  t h e  
c h l o r i d e  fo rm .  To p r e p a r e  t h e  r e s i n  i n  t h e  p h o s p h a t e  f o r m ,  
i t  was t r e a t e d  w i t h  e x c e s s  o f  a  s o l u t i o n  ( a p p r o x i m a t e l y  M/10) 
c o n t a i n i n g  e q u a l  p r o p o r t i o n s  o f  sod ium  d i h y d r o g e n  p h o s p h a t e  
and  d i s o d i u m  h y d r o g e n  p h o s p h a t e .  The r e s i n  was w ash e d  w i t h  
w a t e r  u n t i l  t h e  w a s h i n g s  w e re  n e u t r a l  ( 3 - 4  l i t r e s  b e i n g  
r e q u i r e d ) ,  a l l o w e d  t o  d r y  i n  t h e  a i r ,  a n d  t h e n  s i e v e d .
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( i v ) .  T e c h n iq u e .
I n  t h e  p H - t i t r a t i o n s ,  a  25 m l .  sam ple  o f  t h e  s o l u t i o n  
t o  be  t i t r a t e d  was p l a c e d  i n  a  s m a l l  b e a k e r ,  i n t o  .<which 
d i p p e d  t h e  g l a s s  a n d  s a t u r a t e d  c a l o m e l  e l e c t r o d e s .  The pH 
was m e a s u r e d ,  t h e n  a f t e r  e a c h  a d d i t i o n  o f  p h o s p h o r i c  a c i d  
f rom  a  m i c r o - b u r e t t e ,  t h e  s o l u t i o n  was c a r e f u l l y  s t i r r e d  
and  t h e  pH was a g a i n  n o t e d .  I n  t h e  p H - t i t r a t i o n  e x p e r i m e n t s  
i n  w h ic h  t h e  e f f e c t  o f  a d d i t i o n  o f  o t h e r  s a l t s  was s t u d i e d ,  
t h e  s a l t  was a d d e d  a s  t h e  d r y  s o l i d .  The w e i g h t  o f  s a l t  
r e q u i r e d ,  i n  o r d e r  t h a t  t h e  r e s u l t i n g  s o l u t i o n  s h o u l d  h a v e  
t h e  d e s i r e d  m o l a r i t y ,  was c a l c u l a t e d  on t h e  b a s i s  o f  t h e  
o r i g i n a l  v25 m l ,  vo lume o f  m e t a l  s a l t  s o l u t i o n ,  s i n c e  i n  
t h i s  r e s p e c t  i t  was n o t  p o s s i b l e  t o  make a l l o w a n c e  c o n v e n ­
i e n t l y  f o r  t h e  d i l u t i o n  e f f e c t  o f  t h e  a d d i t i o n  o f  p h o s p h o r i c  
a c i d .
I n  t h e  I o n - e x c h a n g e  b a t c h  e x p e r i m e n t s ,  50 m l .  o f  t h e  
s o l u t i o n  t o  be  i n v e s t i g a t e d  was p l a c e d  i n  a  100 m l.  c o n i c a l  
f l a s k ,  a  w e ig h e d  q u a n t i t y  o f  i o n - e x c h a n g e  r e s i n  was a d d e d ,  
and  t h e  f l a s k  was c l o s e d  w i t h  a  ru b b e r ,  bung .
( F o r  t h e s e  e x p e r i m e n t s  i t  was f o u n d  t h a t  a n  e x a c t  
amount  o f  t h e  r e s i n  c o u l d  b e  c o n v e n i e n t l y  w e ig h e d  o u t ,  w i t h  
a n  a c c u r a c y  o f  a t  l e a s t  1 p a r t  i n  500 i f  a  s m a l l  m e t a l  s c o o p  
was u s e d  t o  c o n t a i n  t h e  r e s i n ,  an d  e x c e s s  r e s i n  was rem oved  
w i t h  t h e  a i d  o f  a  s m a l l  b r u s h . )
The f l a s k  was t h e n  p l a c e d  on t h e  s h a k i n g  m a c h i n e . l t  
was fo u n d  t h a t  a f t e r  t h e  s u s p e n s i o n  h a d  b e e n  s h a k e n  f o r  s i x  
h o u r s ,  e q u i l i b r i u m  h a d  b e e n  r e a c h e d  b e tw e e n  t h e  r e s i n  and
- 21-
t h e  s o l u t i o n .  I n  some e x p e r i m e n t s  r e s i n  and  s o l u t i o n  w ere  
a l l o w e d  t o  s t a n d  f o r  p e r i o d s  e x t e n d i n g  f rom  one t o  t h r e e  
weeks  w i t h  o c c a s i o n a l  s w i r l i n g ,  and  i t  was a g a i n  f o u n d  t h a t  
e q u i l i b r i u m  h ad  b e e n  r e a c h e d .
The r e s i n  was s e p a r a t e d  f rom  t h e  s o l u t i o n  by  f i l t e r ­
i n g  t h e  s u s p e n s i o n  o f  t h e  r e s i n  t h r o u g h  a  s m a l l  co lumn 
(1 0  cm. i n  l e n g t h )  h e l d  i n  a  bun g  i n  a  s m a l l  d r y  B u c h n e r  
f l a s k ,  an d  t h e  f i l t r a t e  was k e p t  f o r  pH and  o t h e r  m e a s u r e ­
m e n t s .  A l l  t h e  r e s i n  was t h e n  c a r e f u l l y  t r a n s f e r r e d  t o  t h e  
co lum n a n d  was w ashed  r a p i d l y  w i t h  100 m l .  o f  w a t e r  t in d e r  
s u c t i o n .  The r a p i d  w a s h i n g  was e s s e n t i a l  t o  p r e v e n t  an y  
r e a c t i o n  o c c u r r i n g  b e tw e e n  t h e  r e s i n  a n d  t h e  d i l u t e d  s o l u t i o n .  
The r e s i n  was t h e n  f u r t h e r  w ashed  w i t h  500 m l .  o f  w a t e r  
p a s s e d  s l o w l y  t h r o u g h  t h e  co lu m n .  The r e s i n  was t r e a t e d  w i t h  
300 m l .  o f  2M. n i t r i c  a c i d ,  t h e  e l u a t e  was c o l l e c t e d  i n  a  
500 m l .  g r a d u a t e d  f l a s k ,  a n d  t h e  s o l u t i o n  t h u s  o b t a i n e d  was 
a n a l y s e d .  I n  t h e  s t u d i e s  u s i n g  t h e  m e t a l  fo rm  o f  t h e  r e s i n ,  
a  d i f f e r e n t  t e c h n i q u e  was em ployed .  The p r o c e d u r e  was t h e  
same u n t i l  e q u i l i b r i u m  was r e a c h e d ,  b u t  t h e n  t h e  r e s i n  was 
f i l t e r e d  o f f  f rom  t h e  s o l u t i o n  by  t h e  u s e  o f  a  f u n n e l  a n d  a  
f i l t e r  p a p e r  (Whatman H o .1 ) .  The r e s i n  was d i s c a r d e d  a n d  t h e  
a n a l y s i s  f o r  t h e  m e t a l  rem oved  was c a r r i e d  o u t  e n t i r e l y  on 
t h e  f i l t r a t e .
The c a p a c i t y  o f  t h e  c a t i o n - e x c h a n g e  r e s i n  was d e t e r ­
m ined  i n  t h e  f o l l o w i n g  m an n e r .  The r e s i n  i n  t h e  h y d r o g e n  
form was w ash e d  t h o r o u g h l y  w i t h  a t  l e a s t  750 m l . o f  d i s t i l l e d  
w a t e r ,  an d  t h e n  250 m l .  o f  M/2 sod ium  s u l p h a t e  was p a s s e d
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t h r o u g h  t h e  co lum n.  The amount o f  a c i d  i n  t h e  e l u a t e ,  w h ic h  
was d e t e r m i n e d  by t i t r a t i o n  w i t h  s t a n d a r d  sod ium  h y d r o x i d e  
s o l u t i o n  was e q u i v a l e n t  t o  t h e  r e s i n  c a p a c i t y .  Ah a l t e r n a t i v e  
m eth o d  w h ic h  was u s e d  i n  some e x p e r i m e n t s ,  i n v o l v e d  t h e  d i r e c t  
t i t r a t i o n  o f  a n  a q u e o u s  s u s p e n s i o n  o f  t h e  r e s i n  w i t h  s t a n d a r d  
sod ium  h y d r o x i d e  s o l u t i o n  i n  t h e  p r e s e n c e  o f  e x c e s s  sod ium  
s u l p h a t e  s o l u t i o n  w i t h  p h e n o l p h t h a l e i n  a s  i n d i c a t o r .  I n  t h e  
p r e s e n c e  o f  a  h i g h  c o n c e n t r a t i o n  o f  sod ium  i o n s  ( f r o m  t h e  
sod ium  s u l p h a t e ) ^ t h e  r e l e a s e  o f  h y d r o g e n  i o n s  f rom  t h e  r e s i n  
i s  e x t r e m e l y  r a p i d .
The c a p a c i t y  o f  t h e  a n i o n - e x c h a n g e  r e s i n  was d e t e r ­
m ined  i n  t h e  f o l l o w i n g  m an n e r .  The r e s i n  was c o n v e r t e d  t o  t h e  
c h l o r i d e  fo rm  w i t h  e x c e s s  2M .. h y d r o c h l o r i c  a c i d  and  w ashed  
w i t h  w a t e r  u n t i l  f r e e  f rom  e x c e s s  a c i d .  The c h l o r i d e  was t h e n  
e l u t e d  f ro m  t h e  r e s i n  w i t h  2M. n i t r i c  a c i d  (25 0  m l . )  a n d  i t  
was d e t e r m i n e d  g r a v i m e t r i c a l l y  i n  t h e  e l u a t e .
The c a p a c i t y  o f  t h e  m e t a l  fo rm  o f  t h e  r e s i n  i n  t e r m s  
o f  m i l l i - e q u i v a l e n t s  / gm. o f  t h e  m e t a l  i o n  was d e t e r m i n e d  i n  
t h e  f o l l o w i n g  m a n n e r .  A sam ple  o f  t h e  r e s i n  ( 0 . 5 0 0  g m . ) was 
p l a c e d  i n  a  s m a l l  co lum n and  t r e a t e d  w i t h  50 m l .  o f  2M. n i t r i c  
a c i d ,  w h ic h  was a d d e d  i n  5 m l .  p o r t i o n s  e v e r y  t h i r t y  m i n u t e s ,  
The e l u a t e  was c o l l e c t e d  and  d i l u t e d  w i t h  w a t e r  t o  a  s t a n d a r d  
vo lume i n  a  500 m l .  f l a s k .  T h i s  s o l u t i o n  was t h e n  a n a l y s e d  
f o r  t h e  m e t a l  i o n  b y  t h e  m e tho d  d e s c r i b e d  i n  ( v ) .
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( v ) .  A n a l y t i c a l .
Aluminium was d e t e r m i n e d  by p r e c i p i t a t i o n  w i t h  " o x i n e "  
r e a g e n t  a s  t h e  8 - h y d r o x y q u i n o l i n e  s a l t .  I n t e r f e r e n c e  by  
p h o s p h a t e  was e l i m i n a t e d  by  t h e  u s e  o f  t h e  p r o c e d u r e  o u t l i n e d  
b e lo w .
The a c i d  s o l u t i o n  f o r  a n a l y s i s  c o n t a i n i n g  a lu m in iu m  
and  p h o s p h a t e  was made j u s t  a l k a l i n e  t o  p h e n o l p h t h a l e i n  
i n d i c a t o r  by  t h e  d r o p w i s e  a d d i t i o n  o f  1M. sod ium  h y d r o x i d e  
s o l u t i o n .  The r e s u l t i n g  s o l u t i o n  was h e a t e d  t o  40°C, a  10% 
e x c e s s  o f  a l c o h o l i c  " o x i n e ” r e a g e n t  was a d d e d ,  f o l l o w e d  by  
25 m l .  o f  2M. ammonium a c e t a t e  s o l u t i o n ,  a n d  p r e c i p i t a t i o n  
was c o m p l e t e d  by h e a t i n g  a t  1 0 0 °C. f o r  h a l f  a  m i n u t e .  The 
p r e c i p i t a t e  was a l l o w e d  t o  s e t t l e  f o r  a t  l e a s t  two h o u r s ,  
f i l t e r e d  t h r o u g h  a  w e ig h e d  s i n t e r e d - g l a s s  c r u c i b l e ,  w ashed  
w i t h  b o i l i n g  w a t e r ,  an d  d r i e d  a t  110°C.  f o r  two h o u r s .
P h o s p h a t e  was d e t e r m i n e d  by  p r e c i p i t a t i o n  w i t h  
ammonium m o ly b d a t e  r e a g e n t  a s  t h e  y e l l o w  c r y s t a l l i n e  ammoniuim 
p h o s p h o m o ly b d a te .  The p r e c i p i t a t e  was f i l t e r e d  t h r o u g h  a  
w e ig h e d  s i n t e r e d - g l a s s  c r u c i b l e ,  w ashed  w i t h  a  1% s o l u t i o n  
o f  n i t r i c  a c i d ,  a n d  d r i e d  a t  110°C .  An e m p i r i c a l l y  d e t e r m i n e d  
f a c t o r  (3*74%) was u s e d  t o  c a l c u l a t e  t h e  PoOr- c o n t e n t  o f  t h e  
p r e c i p i t a t e .  I n  t h e  e x p e r i m e n t s  w h e re  c h l o r i d e  i o n  was a l s o  
p r e s e n t ,  t h i s  was f i r s t  e l i m i n a t e d  f ro m  t h e  s a m p le s  f o r  
a n a l y s i s  by  c a r e f u l  e v a p o r a t i o n  t o  d r y n e s s  w i t h  n i t r i c  a c i d .  
T h i s  p r o c e d u r e  was e s s e n t i a l ,  s i n c e  c h l o r i d e  i o n  p r e v e n t s  
c o m p le t e  p r e c i p i t a t i o n  o f  t h e  ammonium p h o s p h o m o l y b d a t e .
C h l o r i d e  was d e t e r m i n e d  i n  t h e  u s u a l  m an n e r  by
- 2 4 -
p r e c i p i t a t i o n  a s  s i l v e r  c h l o r i d e .
The z i n c  was d e t e r m i n e d  by  t i t r a t i o n  w i t h  p o t a s s i u m  
f e r r o c y a n i d e  s o l u t i o n ,  w h ic h  h a d  b e e n  p r e v i o u s l y  s t a n d a r d i s e d  
by t i t r a t i o n  w i t h  a  s t a n d a r d  z i n c  s o l u t i o n  p r e p a r e d  f rom  
" A n a l a r ” z i n c  m e t a l .  The i n d i c a t o r  u s e d  was a  s o l u t i o n  o f  
o ~ d i a n i s i d i n e  p r e p a r e d  by  d i s s o l v i n g  0 . 1  gm. o f  t h e  i n d i c a t o r  
i n  0 . 5  m l .  o f  c o n c e n t r a t e d  s u l p h u r i c  a c i d  and  d i l u t i n g  t o  
100 m l .  w i t h  w a t e r .  The t i t r a t i o n  was c a r r i e d  o u t  i n  t h e  
p r e s e n c e  o f  a p p r o x i m a t e l y  2 gm. o f  ammonium s u l p h a t e ,  30 m l .  
o f  3N. s u l p h u r i c  a c i d ,  3 d r o p s  o f  a  1% s o l u t i o n  o f  p o t a s s i u m  
f e r r i c y a n i d e  an d  3 d r o p s  o f  t h e  i n d i c a t o r  s o l u t i o n .  The 
e n d - p o i n t  was r e a c h e d  when one d ro p  o f  p o t a s s i u m  f e r r o c y a n i d e  
s o l u t i o n  j u s t  c o m p l e t e l y  d i s c h a r g e d  t h e  p i n k  c o l o u r  w h ic h  
d e v e l o p e d  i n  t h e  s o l u t i o n  d u r i n g  t h e  t i t r a t i o n .
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I I  ( d )  pH - T i t r a t i o n  S t u d i e s .
The f o l l o w i n g  p H - t i t r a t i o n s  w ere  c a r r i e d  o u t  a s  
d e s c r i b e d  i n  P a r t  I I  ( c ) ( i v ) ,  a n d  t h e  r e s u l t s  a r e  t a b u l a t e d  
i n  P a r t  I I  ( j )  ( T a b l e s  2 -  1 5 ) .
( a ) .  O.IM a lu m in iu m  c h l o r i d e  s o l u t i o n  was t i t r a t e d - w i t h  1.5M. 
p h o s p h o r i c  a c i d ;
( i )  w i t h  no o t h e r  s a l t  a d d e d  
( i i )  w i t h  sod ium  n i t r a t e  a d d e d  =  0 . 2 5  M.
( i i i )  w i t h  sod ium  c h l o r i d e  a d d e d  =  0 . 5 0  M.
( i v )  w i t h  sod ium  s u l p h a t e  a d d e d  =  0 . 5 0  M.
( b ) .  O.IM. a lu m in iu m  c h l o r i d e  s o l u t i o n  was t i t r a t e d  w i t h  
0.33M. p h o s p h o r i c  a c i d  w i t h  no o t h e r  s a l t  a d d e d .
( c ) .  O.IM. a lu m in iu m  c h l o r i d e  s o l u t i o n  was t i t r a t e d  w i t h  
1 .175M. p o t a s s i u m  d i h y d r o g e n  p h o s p h a t e ;
( i )  w i t h  no o t h e r  s a l t  a d d e d  
( i i )  w i t h  sod ium  n i t r a t e  a d d e d  ^  0.25M.
( d ) .  O.IM. a lu m in iu m  n i t r a t e  s o l u t i o n  was t i t r a t e d  w i t h  1.5M 
p h o s p h o r i c  a c i d ;
( i )  w i t h  no o t h e r  s a l t  a d d e d
( i i )  w i t h  sod ium  n i t r a t e  a d d e d  =  0.25M.
( i i i )  w i t h  sod ium  c h l o r i d e  a d d e d  s .  0 .50M.
( i v )  w i t h  sod ium  s u l p h a t e  a d d e d  ~  0 . 50M.
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( e ) .  O.IM. a lu m in iu m  s u l p h a t e  s o l u t i o n  was t i t r a t e d  w i t h  1.5M. 
p h o s p h o r i c  a c i d :
( i )  w i t h  no o t h e r  s a l t  a d d ed
( i i )  w i t h  sod ium  n i t r a t e  a d d e d  =  0.25M.
( i i i )  w i t h  ammonium s u l p h a t e  a d d e d  s  0.10M.
( i v )  w i t h  ammonium s u l p h a t e  a d d e d  s  0.20M.
The r e s u l t s  o f  t h e s e  p H - t i t r a t i o n s  h a v e  b e e n  com pared  
i n  t h e  g r a p h s  shown i n  f i g s . 3 -  5 ,  i n  w h ic h  pH was p l o t t e d  
a g a i n s t  t h e  r a t i o  o f  p h o s p h a t e  t o  a lu m in iu m  i n  t h e  s o l u t i o n s .
I n  t h e  t i t r a t i o n  o f  a lu m in iu m  c h l o r i d e  s o l u t i o n , w i t h  
no o t h e r  s a l t  a d d e d  ( a ( i ) ) ,  t h e  g e n e r a l  sh a p e  o f  c u r v e  was 
s i m i l a r  t o  t h a t  o b t a i n e d  by  Salmon ( 3 2 )  i n  s t u d i e s  o f  pH- 
t i t r a t i o n s  o f  f e r r i c  c h l o r i d e  s o l u t i o n s .  However ,  t h e  f a l l  i n  
pH was n o t  so s t e e p ,  a n d  t h e r e  was no sharp ,  c h an g e  o f  s l o p e  
a t  a  r a t i o  o f  p h o s p h a t e  t o  m e t a l  i o n  i n  s o l u t i o n  o f  1 : 1 ,  a s  
o c c u r r e d  i n  t h e  f e r r i c  s y s t e m .
As i n  t h e  s t u d i e s  o f  t i t r a t i o n s  o f  f e r r i c  c h l o r i d e  
s o l u t i o n ,  a d d i t i o n  o f  sod ium  n i t r a t e  t o  t h e  s o l u t i o n  h a d  
l i t t l e  e f f e c t ;  t h e  e f f e c t  o f  a d d i t i o n  o f  sod ium  c h l o r i d e  was 
a l s o  s t u d i e d ,  and  a  s l i g h t  i n c r e a s e  i n  t h e  r e l e a s e  o f  h y d r o g e n  
i o n  was o b s e r v e d .  Prom t h e  r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n c e  
o f s o d iu m  n i t r a t e ,  i t  w ou ld  a p p e a r  t h a t  t h e  e f f e c t  o f  c h a n g e  
i n  e l e c t r o l y t e  c o n c e n t r a t i o n  i s  n o t  g r e a t .
A d d i t i o n  o f  sod ium  s u l p h a t e ,  h o w e v e r ,  l e a d  t o  a  
m a r k e d - d e c r e a s e  i n  t h e  amount  o f  h y d r o g e n  i o n  r e l e a s e d ,  and  
t h e  r e s u l t s  were  s i m i l a r  t o  t h o s e  d e s c r i b e d  b e lo w  f o r  t h e
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a lu m in iu m  s u l p h a t e  t i t r a t i o n s .
The pH c h a n g e s  i n  t h e  t i t r a t i o n  o f  a lu m in iu m  n i t r a t e  !
i!
s o l u t i o n  w ere  s i m i l a r  t o  t h o s e  o b s e r v e d  w i t h  t h e  a lu m in iu m  
c h l o r i d e  s o l u t i o n  e x c e p t  t h a t  t h e r e  was a  r a t h e r  g r e a t e r  
r e l e a s e  o f  h y d r o g e n  i o n  i n  t h e  f o r m e r  c a s e .  The e f f e c t  o f  j
a d d i t i o n  o f  sod ium  n i t r a t e  t o  t h e  s o l u t i o n  was t o  c a u s e  a  
s l i g h t  d e c r e a s e  i n  t h e  r e l e a s e  o f  h y d r o g e n  i o n s ,  b u t  a d d i t i o n  
o f  sod ium  c h l o r i d e  h a d  a l m o s t  no e f f e c t .  Once a g a i n , h o w e v e r , 
a d d i t i o n  o f  sod ium  s u l p h a t e  h a d  a  m arked  e f f e c t ,  and  t h e  
amount  o f  h y d r o g e n  i o n  r e l e a s e d  d u r i n g  t h e  t i t r a t i o n  was 
a g a i n  g r e a t l y  r e d u c e d ;  i n  t h i s  c a s e  t o  h a l f  t h e  v a l u e  o b t a i n e d  
w i t h  no s a l t  a d d e d .
The r e s u l t s  o f  t h e  t i t r a t i o n s  o f  a lu m in iu m  s u l p h a t e  ;
i
s o l u t i o n  d i f f e r  f ro m  t h o s e  o f  t h e  two s e r i e s  d e s c r i b e d  a b o v e .  
W ith  no o t h e r  s a l t  a d d e d ,  t h e  r e l e a s e  o f  h y d r o g e n  i o n  when 
a lu m in iu m  s u l p h a t e  s o l u t i o n  was t i t r a t e d  w i t h  p h o s p h o r i c  a c i d  
was much l e s s  t h a n  i n  t h e  t i t r a t i o n s  o f  e i t h e r  a lu m in iu m  
c h l o r i d e  o r  a lu m in iu m  n i t r a t e  s o l u t i o n s .  The e f f e c t  o f  
a d d i t i o n  o f  sod ium  n i t r a t e  was t o  i n c r e a s e  s l i g h t l y  t h e  
r e l e a s e  o f  h y d r o g e n  i o n ,  c o n v e r s e l y  a d d i t i o n  o f  ammonium 
s u l p h a t e  c a u s e d  a  c o n s i d e r a b l e  d e c r e a s e  i n  t h e  amount  o f  ;
■ ■■■ i
h y d r o g e n  i o n  r e l e a s e d .
Two s p e c i a l  c a s e s  w e re  c o n s i d e r e d ,  ( b )  an d  ( c ) .  I n  ( b ) , |  
a lu m in iu m  c h l o r i d e  s o l u t i o n  was t i t r a t e d  w i t h  a  l e s s  c o n c e n ­
t r a t e d  (0 .33M ) s o l u t i o n  o f  p h o s p h o r i c  a c i d .  I t  was f o u n d  t h a t ;  
t h e  r e l e a s e  o f  h y d r o g e n  i o n ,  f o r  a n y  g i v e n  p h o s p h a t e  t o  
a lu m in iu m  r a t i o  i n  t h e  s o l u t i o n ,  was a p p r e c i a b l y  l e s s  t h a n
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i n  t h e  c o r r e s p o n d i n g  t i t r a t i o n  w i t h  t h e  1.5M, a c i d  d e s c r i b e d  
a b o v e .  I n  ( c ( i ) ) ,  t h e  b e h a v i o u r  on t i t r a t i o n  o f  a lu m in iu m  
c h l o r i d e  s o l u t i o n  w i t h  sod ium  d i h y d r o g e n  p h o s p h a t e  s o l u t i o n  
was s i m i l a r  t o  t h a t  f o u n d  by  Salmon ( 3 2 ) ,  i n  c o r r e s p o n d i n g  
s t u d i e s  on t h e  f e r r i c  s y s te m .  However ,  t h e  r e l e a s e  o f  h y d r o g e n  j
j
i o n  was l e s s  t h a n  i n  t h e  f e r r i c  s y s t e m ;  a d d i t i o n  o f  sod ium  j 
n i t r a t e  t o  t h e  s o l u t i o n  h ad  o n l y  a  s l i g h t  e f f e c t .  j
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I I  ( e )  C a t i o n  -  E xchange  E x p e r i m e n t s  u s i n g  H -fo rm  R e s i n .
T h re e  s e r i e s  o f  e x p e r i m e n t s  w e re  c a r r i e d  o u t  u s i n g  
t h e  c a t i o n - e x c h a n g e  r e s i n  Z eo -K arb  225 i n  t h e  h y d r o g e n  fo rm .
I n  t h e  f i r s t  s e r i e s ,  0 . 5 0 0  gm. s a m p le s  o f  t h e  c a t i o n -  
e x c h a n g e r  w ere  a l l o w e d  t o  r e a c h  e q u i l i b r i u m  w i t h  s o l u t i o n s  
c o n t a i n i n g  a lu m in iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d .  No 
p h o s p h a t e  o r  c h l o r i d e  was f o u n d  t o  be  s o r b e d  on t h e  r e s i n  
o v e r  t h e  r a n g e  0 : 1  t o  1 2 s i  f o r  t h e  m ole  r a t i o  ( i n  s o l u t i o n )  
o f  p h o s p h a t e s  a lu m i n iu m .  The amount  o f  a lu m in iu m  s o r b e d  
r e m a in e d  c o n s t a n t  a t  f i r s t ,  an d  t h e n  d e c r e a s e d  a s  t h e  m ole  
r a t i o  p h o s p h a t e s  a lu m in iu m  i n c r e a s e d .  Even  when v e r y  c o n c e n ­
t r a t e d  ( 2 M . ) a lu m in iu m  c h l o r i d e  s o l u t i o n  w i t h  s t r o n g  (2 M .) 
p h o s p h o r i c  a c i d  was u s e d ,  o n l y  t r a c e s  o f  p h o s p h a t e  and  
c h l o r i d e  w e re  s o r b e d  on t h e  r e s i n .  The r e s u l t s  o f  t h e s e  
e x p e r i m e n t s  a r e  shown i n  T a b l e  16 .
The s o l u t i o n s  f o r  t h e  s e c o n d  s e r i e s  c o n t a i n e d  
a lu m in iu m  c h l o r i d e  a n d  sod ium  d i h y d r o g e n  p h o s p h a t e .  T h ese  
were  a l l o w e d  t o  come t o  e q u i l i b r i u m  w i t h  0 . 5 0 0  gm. s a m p le s  
o f  t h e  c a t i o n - e x c h a n g e ? .  I n  t h e s e  e x p e r i m e n t s  t o o ,  no 
c h l o r i d e  i o n  was s o r b e d  on t h e  r e s i n ,  b u t  p h o s p h a t e  was 
fo u n d  t o  be  s o r b e d  i n  s m a l l  a m o u n t s ,  a s  w e l l  a s  a lu m in iu m .  
W ith  i n c r e a s e  i n  t h e  m o le  r a t i o ( i n  s o l u t i o n )  o f  p h o s p h a t e :  
a lu m in iu m  t o  1 . 5 : 1 ,  t h e  a m o u n ts  o f  p h o s p h a t e  a n d  a lu m in iu m  
s o r b e d  on  t h e  r e s i n  i n c r e a s e d .  A f t e r  t h i s  p o i n t ,  h o w e v e r ,  
t h e  am ount  o f  a lu m in iu m  s o r b e d  d e c r e a s e d  r a p i d l y ,  w h i l s t
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t h a t  o f  p h o s p h a t e  s o r h e d  a l s o  d e c r e a s e d  h u t  more s l o w l y .  The 
r e s u l t s  a r e  shown i n  T a b le  17 .
The f i n a l  s e r i e s  o f  c a t i o n - e x c h a n g e  e x p e r i m e n t s  ( w i t h
0 .5 0 0  gm. s a m p le s  o f  r e s i n ) ,  w e re  made w i t h  s o l u t i o n s  c o n ­
t a i n i n g  f i x e d  a m o u n ts  o f  a lu m in iu m ,  c h l o r i d e ,  and  p h o s p h a t e ;  
b u t  w i t h  t h e  p h o s p h a t e  p r e s e n t  a s  a  m i x t u r e  o f  p h o s p h o r i c  
a c i d  ( 0 . 3 3 M . )  an d  sod ium  d i h y d r o g e n  p h o s p h a t e  ( 0 . 3 3 M . ) i n  
v a r i o u s  p r o p o r t i o n s .  T h ese  e x p e r i m e n t s  i n  e f f e c t  b r i d g e  t h e  
gap  b e tw e e n  t h e  two p r e v i o u s  s e r i e s ,  a n d  show i n  p a r t i c u l a r  
t h e  e f f e c c t  o f  i n c r e a s e  i n  pH on t h e  s o r p t i o n  o f  a lu m in iu m  
and  p h o s p h a t e .  As w ou ld  b e  e x p e c t e d ,  a s  t h e  m ole  r a t i o  ( i n  
s o l u t i o n )  o f  sod ium  d . ih y d ro g en  p h o s p h a t e  t o  p h o s p h o r i c  a c i d  
was i n c r e a s e d ,  so t h e  a m o u n ts  o f  a lu m in iu m  a n d  p h o s p h a t e  
s o r b e d  a l s o  i n c r e a s e d .  The r e s u l t s  a r e  shown i n  T a b l e  18*
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•I I  ( f )  Anion  -  Exchange E x p e r i m e n t s  u s i n g  C l - f o r m  R e s i n .
The a n i o n - e x c h a n g e  r e s i n  A m b e r l i t e  I . E . A . 400 i n  t h e  
c h l o r i d e  fo rm  was u s e d  i n  t h e  two s e r i e s  o f  e x p e r i m e n t s .
I n  t h e  f i r s t  s e r i e s  s t u d i e s  w ere  made o f  s o l u t i o n s  
c o n t a i n i n g  a lu m in iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d  w h ic h  w ere  
a l l o w e d  t o  come t o  e q u i l i b r i u m  w i t h  1 . 0 0 0  gm. sa m p le s  o f  t h e  
r e s i n .  No a lu m in iu m  was f o u n d  t o  be  s o r b e d  on t h e  r e s i n ,  
p h o s p h a t e  an d  c h l o r i d e  were  s o r b e d  i n  t h e  am oun ts  shown i n  
T a b le  19 .
I n  t h e  o t h e r  e x p e r i m e n t s ,  t h e  a n i o n - e x c h a n g e r  was 
a l l o w e d  t o  r e a c h  e q u i l i b r i u m  w i t h  s o l u t i o n s  c o n t a i n i n g  
a lu m in iu m  c h l o r i d e  and  sod ium  d i h y d r o g e n  p h o s p h a t e .  A g a in  
no a lu m in iu m  was s o r b e d ,  p h o s p h a t e  and  c h l o r i d e  w e re  s o r b e d  
i n  t h e  a m o u n ts  shown i n  T a b l e  20.
I I  ( g )  E xchange  S t u d i e s  w i t h  PO^-Form R e s i n .
E x p e r i m e n t s  w i t h  a n i o n - e x c h a n g e  r e s i n  A m b e r l i t e
I . E . A . -  400 i n  t h e  p h o s p h a t e  fo rm  w ere  made i n  w h ic h  v a r i o u s  
s o l u t i o n s  c o n t a i n i n g  a l u m i n i u m ; p h o s p h a t e  and  p h o s p h o r i c  
a c i d ,  w i t h  an d  w i t h o u t  a d d i t i o n s  o f  h y d r o c h l o r i c  a c i d ,  w e re  
s t u d i e d .
S t u d i e s  w i t h  1 . 0 0 0  gm. s a m p le s  o f  t h e  e x c h a n g e r  
w e re  a l s o  made on n e a r l y  s a t u r a t e d  s o l u t i o n s  o f  a lu m in iu m  . 
p h o s p h a t e  i n  p h o s p h o r i c  a c i d .  T h ese  e x p e r i m e n t s  e x t e n d e d  
t h e  s t u d i e s  o f  J a m e s o n  and  Salmon ( 2 7 )  t o  h i g h e r  p h o s p h o r i c  
o x i d e  c o n c e n t r a t i o n s .  However ,  t h i s  i n c r e a s e  seemed o n l y  t o '  
r e d u c e  t o  a  s l i g h t  - e x t e n t  t h e  amount  o f  a lu m in iu m  s o r b e d ,  
w h ic h  was s m a l l  i n  a l l  c a s e s .  The r e s u l t s  o f  t h e s e  e x p e r i ­
m e n t s  a r e  shown i n  T a b l e  21.
\
The r e s i n  ( i n  l.OOOgm. s a m p le s )  was a l l o w e d  t o  r e a c h  
e q u i l i b r i u m  w i t h  s o l u t i o n s  c o n t a i n i n g  a lu m in iu m  p h o s p h a t e  
( d i s s o l v e d  i n  t h e  minimum o f  p h o s p h o r i c  a c i d ) ,  and  h y d r o ­
c h l o r i c  a c i d .  A lum in ium ,  p h o s p h a t e  and  c h l o r i d e  w ere  f o u n d  
t o  be  s o r b e d  on t h e  r e s i n .  The am o u n ts  o f  a lu m in iu m  f o u n d  
w e re  s m a l l ,  a s  w o u ld  be  e x p e c t e d  f rom  t h e  r e s u l t s  o f  J a m e s o n  
an d  Salmon ( 2 7 ) f o r  p u r e  p h o s p h a t e  s o l u t i o n s ,  a l s o  t h e  amount  
o f  a lu m in iu m  s o r b e d  d e c r e a s e d  r a p i d l y  a s  t h e  amount  o f  h y d r o ­
c h l o r i c  a c i d  p r e s e n t  i n c r e a s e d .  The r e s u l t s  o f  t h e s e  e x p e r i ­
m e n t s  a r e  g i v e n  i n  T a b l e  22.
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One s p e c i a l  c a s e  was s t u d i e d ,  i n  w h ic h  a  1 .0 0 0  gm* 
sa m p le  o f  t h e  a n i o n - e x c h a n g e s  was a l l o w e d  t o  come t o  
e q u i l i b r i u m  w i t h  a  m i x t u r e  o f  e q u a l  am oun ts  o f  2M. a lu m in iu m  
c h l o r i d e  s o l u t i o n  a n d  2M. p h o s p h o r i c  a c i d  s o l u t i o n .  A s m a l l  
amount  o f  a lu m in iu m  was s o r b e d  t o g e t h e r  w i t h  p h o s p h a t e  and  
c h l o r i d e .  The r e s u l t s  a r e  shown i n  T a b l e  23.
Ft&.b . /ON- EXCMmFE STUD/ES
f ik v r t tr t tv n  rem o ve*  ( p e r  c e m t.)  f r o m  Z e o  K e r b  2 Z S - R t  
B y  Ph o sp h o r ic  R e t *  S o j+ u n o t f s  o p  b tF P E & E tfr
VfiRifirroH W trH T i n e . 0  - 0 - 0  5"
A  - o - z s
V  - O - S ’O
© - 0 * 1 5
□  - / • 0 0
^  . M S'
to
s  t o
40
I I  3 4  S
T i n t  i n  h o u r s
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I I  ( h )  C a t i o n - e x c h a n g e  S t u d i e s  u s i n g  M e ta l  fo rm  R e s i n .
S o l u t i o n s  o f  p h o s p h o r i c  an d  o t h e r  a c i d s  w e re  a l l o w e d  
t o  r e m a i n  i n  c o n t a c t  w i t h  Z eo-K arb  225 i n  t h e  a lu m in iu m  fo rm  
f o r  v a r i o u s  p e r i o d s  o f  t i m e .
F o r  p h o s p h o r i c  a c i d ,  t h e  e f f e c t  o f  v a r i a t i o n  o f  t h e  
t i m e  o f  c o n t a c t  a n d  o f  t h e  pH o f  t h e  s o l u t i o n s  was s t u d i e d .
As w o u ld  be  e x p e c t e d ,  t h e  amount  o f  a lu m in iu m  rem oved  f rom  
t h e  r e s i n  was g r e a t e r  f o r  t h e  s o l u t i o n s  o f  l o w e r  pH, a n d  f o r  
t h e  l o n g e r  t i m e s  o f  c o n t a c t .  A p l o t  o f  a lu m in iu m  rem oved  
( p e r  c e n t )  a g a i n s t  t i m e  f o r  v a r i o u s  p H - v a l u e s  i s  g i v e n  i n  
f i g .  6. The r e s u l t s  a r e  shown i n  T a b le  24.
F u r t h e r ,  t h e  e f f e c t  o f  v a r i a t i o n  o f  pH was s t u d i e d  
i n  e x p e r i m e n t s  i n  w h ic h  s o l u t i o n s  o f  v a r i o u s  a c i d s  w e re  
a l l o w e d  t o  r e m a i n  i n  c o n t a c t  w i t h  t h e  r e s i n , w i t h  o c c a s i o n a l  
s h a k i n g , f o r  l 4  h o u r s  o r  f o r  7 d a y s  ( e q u i l i b r i u m ) .  G e n e ra l ly , . ,  
a lu m in iu m  was rem oved  m o s t  e f f e c t i v e l y  f rom  t h e  r e s i n  by  * 
p h o s p h o r i c  a c i d ,  h y d r o c h l o r i c  a c i d  was n o t  so e f f e c t i v e ,  a n d  ‘ 
t h e  o t h e r  a c i d s  s t u d i e d ,  n a m e ly  s u l p h u r i c  and  p e r c h l o r i c " w e r e  
s t i l l  l e s s  e f f e c t i v e .  A c o m p a r i s o n  o f  t h e  d i f f e r e n t  amohnts-  
o f  m e t a l  rem oved  ( p e r  c e n t . ) ,  a t  v a r i o u s  pH v a l u e s  a f t e r  
7 d a y s ^ i s  made i n  f i g .  7 .  The r e s u l t s  a r e  shown i n  
T a b l e s  25 -  26.
I n  s t u d i e s  made p a r t i c u l a r l y  f o r  p u r p o s e s  o f  com­
p a r i s o n ,  s o l u t i o n s  o f  p h o s p h o r i c  and  o t h e r  a c i d s  w e re  a l l o w e d  
i o  r e m a i n  i n  c o n t a c t  w i t h  Zeo Karb  225 i n  t h e  z i n c  f o r m .  The 
e f f e c t  o f  v a r i a t i o n s  o f  t h e  pH o f  t h e  s o l u t i o n s  was s t u d i e d ,
FJCr. 7 . ION -  EXCHANGE S  TUDIES.
H L U ro iH iu n  R S t f o v e b ( p b r  c em t .) pRoro T bo Ho r b  JLX5 ~ -  f j t  B y  
PHOSPHORIC atffr OTHER BCtPS BT SQUlLIBR/on.
lu O - Phosphor/cVRRiRT/oH W ith  7A - h y d r o c h l o r ic
V -S U L P H U R IC
Q  - Pe r c h l o r i c
S  *0
100050
|>H.
F/G.8. IO N - EXCHANGE STUDIES
Z(h/C REWO V SO (E £K  C B N r j  FR O M  ZEO k f fR B  2 2 S ~ - Z * .  
6 Y  PHOSPHORIC HHD OTHER H C l b S  B T  EQUILIBRIUM.
VfjRlRTIotU  With  f>H, °  ~ PHOSPHORIC
A  -  Hy d r o c h l o r i c  
0  -  p e r c h l o r i c
booc-75
f>H.
t h e  t i m e  o f  c o n t a c t  o f  t h e  s o l u t i o n s  w i t h  t h e  r e s i n  was 
l i  h o u r s  i n  some c a s e s  and  7 d a y s  i n  o t h e r s .  I n  t h e s e  e x p e r i ­
m e n t s  z i n c  was f o u n d  t o  be  m o s t  e f f e c t i v e l y  removed by  h y d r o ­
c h l o r i c  a c i d ,  by  p h o s p h o r i c  a c i d  n e x t ,  and  by  s u l p h u r i c  and  
p e r c h l o r i c  a c i d s  l e a s t  e f f e c t i v e l y .  The am o u n ts  o f  m e t a l  
rem oved  ( p e r  c e n t . ) } a t  v a r i o u s  p H - v a l u e s ^ a r e . shown i n  f i g . 8 .  
The r e s u l t s  a r e  shown i n  T a b l e s  2 7 - 2 8 .
The d i r e c t  c o m p a r i s o n  b e tw e e n  a lu m in iu m  and  z i n c  i s  
made i n  f i g .  9 f o r  p h o s p h o r i c  a c i d ,  and  i n  f i g .  10 f o r  h y d r o ­
c h l o r i c  a c i d .
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FIG 9 , IQN-EXCHRKlGE STUDIES.
M b t r l  Re m o v e d  [ p e r c e n t )  e r o h  z e o Kr r q  M S
/N  THE M E T R L  EORr? B Y  PHOSPHORIC R C /D .  
VARIATION W I T H  f>H.
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O -  ZlD/C
80-
4 0
100oso
F t  A  t o . / O N -  E X  C / / f f A t £ £  S  T U j t / E S .
E J e tr l  R em oveP  ( p e r  c e n t . )  f r o m  Z e o  M e r e  z z f  
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( j )  T a b u l a r  R e s u l t s  f o r  P a r t  I I ,
TABLE 1 .
Spec im en  A n a l y s e s  o f  Aluminium P h o s p h a t e .
----- - X T '" " ANALYTICAL RESULTS . THEORETICAL
I I I X
AlgO,
P 2°5
h 2o
3 2 .2 4  
4 4 . 8 6  . 
2 2 .9 3
3 2 . 2 2  
4 4 .9 1  
2 2 . 8 7 ^
3 2 .2 5
4 4 .9 4
2 2 .8 1
i^by  d i f f e r e n c e  
w h e re  X =  ^*2^3 : P 2 %  : ^-HgO.
TAjhff g, ' 
pH-Titratipn,
0.1M. aluminium chloride, X.52M, phosphoric acid
p----- ^
i n o l s .
K ]
m o ls .
( P 0 4]
£A1}
pH
M
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1.  60 0 .0 2 5 0 . 0 0
0 . 0 9 9 0 . 0 0 6 0 . 0 6 1 . 4 9 0 . 0 3 2 0 . 0 7
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 .4 3 0 .0 3 7 0 . 1 2
0 . 0 9 8 0 . 0 1 8 0 . 1 8 1 . 3 8 0 .0 4 2 0 . 1 6
0 . 0 9 8 0 . 0 2 4 0 . 2 4 1 - 3 4 0 .0 4 6 0 . 2 1
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 . 3 1 0 .0 4 9 0 .  24
0 . 0 9 7 0 . 0 3 6 0 .3 7 1 . 2 8 0 .0 5 3 0 .  28
0 . 0 9 7 0 .0 4 1 0 . 4 2 1 .  26 0 .0 5 5 0 . 3 0
0 . 0 9 6 0 . 0 4 7 0 . 4 8 1 .  24 0 .0 5 8 0 .3 3
0 . 0 9 6 0 .0 5 3 0 .5 5 1 .  22 0 .0 6 0 0 . 3 6
0 . 0 9 6 0 . 0 5 8 0 . 6 1 1 . 1 8 0 .0 6 6 0.  42
0 . 0 9 5 0 .0 6 9 0 .7 3 1 . 1 4 0 .0 7 3 0 . 4 9
0 . 0 9 4 0 . 0 9 1 0 . 9 7 1 . 0 6 0 .0 8 7 0 .6 5
0 . 0 9 2 0 . 1 1 2 1 . 2 1 1 . 0 2 0 .0 9 6 . 0 . 7 6
0 . 0 9 1 0 .1 3 3 1 .  46 0 . 9 8 0 .1 0 5 0 . 8 7
0 . 0 8 9 0 .1 5 3 1 . 7 0 0 . 9 6 0 . 1 1 0 0 . 9 4
0 . 0 8 9 0 . 1 6 2 1 . 8 2 0 . 9 5 0 . 1 1 2 0 . 9 7
0 . 0 8 6 0 .2 0 9 2 .43 0 . 9 1 0 .1 2 3 1 . 1 4
0 .0 8 3 0 .2 5 3 3 .0 3 0 . 8 7 0 .1 3 5 1 . 3 2
0 . 0 8 0 0 . 2 9 4 3 . 6 4 0 . 8 5 : 0 . 1 4 1 1 .  44
0 . 0 7 8 0 . 3 3 2 4 .2 5 0 .8 4 0 .1 4 5 1 .5 3
................... j
-3 8 -
TABLE 3* 
p H - T i t r a t i o n .
0.1M. a lu m in iu m  c h l o r i d e ,  1 .52M. p h o s p h o r i c  a c i d
w i t h  sod ium  n i t r a t e  a d d e d  =  0.25M.
M
mol s . mol s .
Kl PH ■ r-1 A  ( p i
|.A1) fAl]
0 . 1 0 0 0 . 0 0 0 cnoo 1 . 5 9 0 .0 2 6 0 , 0 0
0 . 0 9 9 0 . 0 0 6 0 . 0 6 1 . 4 9 0 .0 3 2 0 . 0 6
0 . 0 9 9 0 . 0 1 2 0 . 1 2 I s  44^ 0 . 0 3 6 0 . 1 1
0 . 0 9 9 0 . 0 1 8 0 . 1 8 1 . 3 8 0 . 0 4 2 0 . 1 6
0 . 0 9 8 0 .0 2 4 0 . 2 4 1 . 3 4 0 . 0 4 6 0 . 2 0
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 . 3 1 0 .0 4 9 0 .2 4
0 . 0 9 8 0 . 0 3 6 0 . 3 6 1 . 2 8 0 .0 53 0 . 2 8
0 . 0 9 7 0 .0 4 1 0 . 4 2 1 . 2 4 0 . 0 5 8 0 .3 3
0 . 0 9 7 0 . 0 4 7 0 . 4 9 1 . 2 2 0 .0 6 0 0 . 3 6
0 . 0 9 7 0 .0 5 3 0 .5 5 1 . 2 0 0 .0 6 4 0 . 4 0
0 . 0 9 6 0 . 0 5 8 0 . 6 1 1 . 1 8 0 .C 6 T 0 .4 3
0 .0 9 5 0 . 0 8 0 0 .8 5 1 . 1 1 0 . 0 7 8 0 .5 5
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 0 4 0 . 0 9 0 0 . 7 0
0 .0 9 1 0 .1 3 4 1 . 4 6 1 . 0 1 0 . 0 9 8 0 . 7 9
0 . 0 9 0 0 . 1 4 8 1 . 6 4 0 . 9 8 0 .1 0 5 0 . 8 8
0 . 0 8 9 0 .1 6 3 1 . 8 2 0 . 9 7 0 . 1 0 8 0 .9 3
0 . 0 8 6 0 .2 0 9 2 .4 3 0 . 9 2 0 . 1 2 0 1 . 1 0
0 . 0 8 3 0 .2 5 3 3 .0 4 0 . 8 9 0 . 1 3 0 1 . 2 6
0 . 0 8 1 0 . 2 9 4 3 . 6 4 0 . 8 6 0 . 1 3 8 1 . 3 9
0 . 0 7 8 0 . 3 3 2 4 .5 4 0 . 8 5 0 .1 4 1 1 . 4 8
-3 9 -
TABLE 4.  
p H - T i t r a t i o n .
0.1M. a lu m in iu m  c h l o r i d e ,  1 .50M, p h o s p h o r i c  a c i d
w i t h  sod ium  c h l o r i d e  a d d e d  0.5M.
[a i]
m o l s .
K ]
m o ls .
K 1
( n r
pH
■ [h+] 4 [h+)
[A l]
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1 . 6 0 0 .0 2 5 0 . 0 0
0 .0 9 9 0 . 0 0 6 0 . 0 6 1 . 4 8 0 .0 3 3 0 . 0 8
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 . 4 1 0 .0 3 9 0 . 1 4
0 . 0 9 8 0 . 0 1 8 0 . 1 8 1 .3 5 0 .0 4 5 0 . 2 0
0 . 0 9 8 0 .0 2 4 0*24 1 . 3 0 0 . 0 5 0 0 .2 5
0 . 0 9 8 0 . 0 3 6 0 . 3 6 1 . 2 1 0 .0 6 2 0 . 3 8
0 . 0 9 7 0 . 0 4 7 0 . 4 9 1 . 1 6 0 .0 6 9 0 . 46
0 . 0 9 6 0 .0 5 8 0 .6 1 1 . 1 2 0 .0 7 3 0 . 5 0
0 . 0 9 4 0 .0 8 5 0 . 9 1 1 . 0 4 0 .0 9 1 0 . 7 0
0 . 0 9 2 0 . 1 1 2 1 . 2 1 0 . 9 8 0 .1 0 5 0 . 8 6
0 . 0 8 9 0 .1 6 3 1 . 8 2 0 . 9 1 0 .1 2 3 1 . 0 1
0 . 0 8 6 0 .2 0 9 2 .4 3 0 . 8 6 0 .1 3 8 1 . 3 1
0 . 0 8 0 0 . 2 9 4 3* 64 0 . 8 1 0 .1 5 5 1 . 6 1
0 . 0 7 6 0 . 3 6 8
.............. ...........
4 . 8 6 0 . 7 8
1
0 .1 6 6
► 1 . • ■
1 . 8 7
-4 0 -
TABLE 5.  
p H - T i t r a t i o n .
0.1M. a lu m in iu m  c h l o r i d e ,  1 .50M. p h o s p h o r i c  a c i d
w i t h  sod ium  s u l p h a t e  a d d e d  =  0.5M.
M
m o l s .
K )
m o ls .
[P 0J pH ^ [ h j
M [A l]
0 . 1 0 0 0 . 0 0 0 0 . 0 0 2 .7 0 0 .0 0 1 0 . 0 0
0 . 0 9 9 0 . 0 0 6 0 . 0 6 2 .2 9 0 .0 0 5 0 . 0 4
0 .0 9 9 0 . 0 1 2 0 . 1 2 2 .1 2 0 .0 0 7 0 . 0 6  •
0 . 0 9 9 0 .0 1 8 0 . 1 8 2 .0 4 0 .0 0 9 0 . 0 8  /
0 . 0 9 8 0 . 0 2 4 0 . 2 4 1 . 9 6 0 .0 1 1 0 . 1 0
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 . 9 0 0 .0 1 2 0 . 1 1
0 . 0 9 8 0 . 0 3 6 0 .3 6 1 .8 5 0 .0 1 4 0 , 1 3
0 .0 9 7 0 . 0 4 7 0 . 4 9 1 . 7 6 0 .0 1 6 0 . 1 5
0 . 0 9 6 0 . 0 5 8 0 . 6 1 1 . 7 1 0 .0 1 9 0 . 1 9
0 . 0 9 4 0 . 0 8 6 0 . 9 1 1 . 6 0 0 .0 2 4 0 . 2 4
0 .0 9 3 0 • 112 1 . 2 1 1 . 5 3 0 . 0 2 8 0 . 2 9
0 . 0 8 6 0 .2 0 9 2 .4 3 1 . 3 4 0 .0 4 3 0 . 4 8
0 . 0 8 1 0 .2 9 4 3 . 6 4  • 1 . 2 4 0 .0 5 4 0 .  66
-4 1 -
TABLE 6. 
p H - T i t r a t i o n .
O.IM. a lu m in iu m  c h l o r i d e ,  0.33M. p h o s p h o r i c  a c i d
w i t h  no s a l t  a d d e d .
fAl]
m o l s .
K1
m o ls . w PH l“1 f4
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1 . 5 9 0 .0 2 6 0 . 0 0
0 .0 9 9 0 .0 0 1 0 . 0 1 1 . 5 6 0 .0 2 8 0 . 0 2
0 . 0 9 9 0 .0 0 3 0 . 0 3 1 . 5 5 0 .0 2 8 0 . 0 3
0 . 0 9 9 0 .0 0 4 0 . 0 4 1 . 5 4 0 .0 2 9  . 0 . 0 4
0 . 0 9 8 0 .0 0 5 0 .0 5 1 . 5 3 0 .0 3 0 0 . 0 4
0 . 0 9 8 0 . 0 0 8 0 . 0 8 1 . 5 0 0 . 0 3 2 0 . 0 6
0 . 0 9 7 0 . 0 1 0 0 . 1 1 1 . 4 7 0 . 0 3 4 0 . 0 8
0 . 0 9 6 0 .0 1 3 0 .1 3 1 . 4 5 0 .0 3 6 0 . 1 0
. 0 . - 0 9 5 0 .0 1 5 0 . 1 6 1 . 4 3 0 .0 3 7 0 . 1 2
0 . 0 9 4 0 . 0 2 0 0 .2 1 1 . 4 0 0 .0 4 0 0 . 1 6
0 . 0 9 3 0 .0 2 4 0 . 2 6 1 . 3 7 0 .0 4 3 0 . 1 9 ’
0 .0 8 9 0 .0 3 5 0 . 3 9 1 . 3 2 0 . 0 4 8  :: 0 . 2 5
0 . 0 8 6 0 .0 4 5 0 .5 3 1 . 2 7 0 .0 5 4  :' 0 . 3 2
0 .0 8 3 0 .0 5 5 0 . 6 6 1 . 2 4 0 . 0 5 8 0 . 3 8
0 .0 8 1 0 . 0 6 4 0 . 7 9 1 . 2 1 0 . 0 6 2 0 .4 5
0 . 0 7 8 0 . 0 7 2 0 . 9 2 1 . 1 9 0 .0 6 5 : 0 . 5 0
0 . 0 7 6 0 . 0 8 0 1 .0 5 1 . 1 8 0 .0 6 7 0 . 5 4
0 . 0 7 1 0 . 0 9 4 1 . 3 2 1 . 1 4 0 . 0 7 2 ‘ 0 . 6 5
0 . 0 6 8 0 . 1 0 7 1 . 5 8 1 . 1 3 0 .0 7 4 0 . 7 2
0 . 0 6 4 0 . 1 1 8 1 . 8 4 1 . 1 2 0 .0 7 7 0 . 8 0
0 . 0 6 0 0 .1 3 3 2 .2 4 , 1 . 1 1 0 ,0 7 9 0 . 8 9
0 . 0 5 6 0 . 1 4 6 2 .6 3 1 . 1 0 0 .0 7 9 0 . 9 7
- 4 2 -
TABLE 7 . 
pH- T i t r a t i o n .
O.IM. a lu m in iu m  c h l o r i d e ,  1 . 1 7 5 M , p o t a s s i u m  d i h y d r o g e n
p h o s p h a t e ,  w i t h  no s a l t  a d d e d .
(Al]
m o l s .
ip°4.1
m o ls .
K -l
fA l]
PH [hU a [ h+J
[A l]
0.100 0 . 0 0 0 0.00 1.58 0.026 0 . 0 0 00.098 0.023 0.23 1.53 0 . 0 3 0 0 . 0 3 30.096 0.045 0.47 1.48 0.033 0.0710.094 0.067 0.71 1.47 0.034 0.0810.093 0.087 0.94 1.48 0.033 0.0730.090 0.107 1.17 1.49 0.032 0.0670.089 0.126 1.41 1.53 0 . 0 3 0 0.0360.088 0.144 1.65 1.57 0.027 0 . 0 0 70.086 0.162 1.88 1.62 0.024 -0.0270.085 0.179 2.12 1.68 0.021 —0 . O640.083 0.196 2.35 1.74 0.018 - 0 . 0 9 70.081 0.227 2.82
_
1.87 0.014 -0.159
-4 3 -
TABLE 8. 
p H - T i t r a t i o n .
O.IM. a lu m in iu m  c h l o r i d e  , 1 .175M. p o t a s s i u m  d i h y d r o g e n
p h o s p h a t e  w i t h  sod ium  n i t r a t e  a d d e d  S  0.25M.
: f r l
m o l s . m o l s .
[p o 41
[ 4 ............
pH a [h1
N
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1 . 5 6 0 . 0 2 8 0 .000
0 . 0 9 8 0 .0 2 3 0 . 2 3 1 . 4 9 0 . 0 3 2 0 .0 5 0
0 . 0 9 6 0 .0 4 5 0 . 4 7 1  47 0 .0 3 4 0.. 067
0 . 0 9 4 0 . 0 6 6 0 . 7 0 1 . 4 6 0 .0 3 5 0 .0 7 6
0 . 0 9 3 0 . 0 8 7 0 . 9 4 1 . 46 0 .0 3 5 0 . 0 7 8
0 .0 9 1 0 . 1 0 7 1 . 1 7 1 . 4 8 0 .0 3 3 0 . 0 6 2
0 . 0 8 9 0 . 1 2 6 1 . 4 1 1 . 5 0 0 . 0 3 2 0 .0 4 6
0 . 0 8 8 0 .1 4 4 1 . 6 4 1 . 5 5 0 . 0 2 8 - 0 . 0 0 8
0 . 0 8 6 0 . 1 6 2 1 . 8 8 1 . 6 0 0 .0 2 5 - 0 . 0 2 8
0 .0 8 5 0 .1 7 9 2 .1 2 1 . 6 5 0 .0 2 2 - 0 . 0 6 0
0 . 0 8 3 0 . 1 9 6 2 .3 5 1 . 7 1 0 .0 1 9 - 0 . 0 9 6
0 . 0 8 1 0 . 2 2 7 2 .8 2 1 . 8 2 0 .0 1 5 - 0 . 1 5 4
V-4 4 -
TABLE 9.  
p H - T i t r a t i o n .
O.IM. a lu m in iu m  n i t r a t e ,  1 .50M. p h o s p h o r i c  a c i d
w i t h  no s a l t  a d d e d .
[A l]
m o l s .
K l
m o ls .
K1
. {Alf
pH [h1 A[h^
[Al]
. 0 . 1 0 0 0.000 0 . 0 0 2 . 1 0 0 . 0 0 8 0 . 0 0
0 .0 9 9 0 . 0 0 6 0 . 0 6 1 . 7 9 0 .0 1 6 0 . 0 8
0 .0 9 9 0 . 0 1 2 0 . 1 2 1 . 6 5 0 . 0 2 2 0 . 1 4
0 . 0 9 9 0 .0 1 8 0 .1 8 1 . 5 6 0 .0 2 8 0 . 2 0
0 . 0 9 8 0 . 0 2 4 0 . 2 4 1 . 4 8 0 .0 3 3 0 . 2 6
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 . 4 2 0 . 0 3 8 0 . 3 1
0 . 0 9 8 O.O36 0 . 3 6 1 . 3 8 0 . 0 4 2 0 . 3 5
0 . 0 9 7 0 .0 4 1 0 . 4 2 1 . 3 3 0 .0 4 7 0 . 4 0
0 .0 9 7 0 . 0 4 7 0 . 4 9 1 . 3 0 0 .0 5 0 0.  44
0 . 0 9 6 0 . 0 5 8 0 .6 1 1 . 2 4 0 . 0 5 8 0 , 5 2
0 .0 9 5 0 . 0 7 0 0 .7 3 1 . 1 9 0 .0 6 5 0 . 5 9
0 . 0 9 4 0 . 0 9 1 0 . 9 7 1 . 1 2 0 .0 7 6 0 . 7 2
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 0 6 0 .0 8 5 0 .8 3
0 . 0 8 9 0 .1 6 3 1 . 8 2 0 . 9 8 0 .1 0 0 1 . 0 3
0 . 0 8 6 0 . 2 0 9 2 .4 3 0 . 9 4 0 .1 1 5 1 . 2 4
0 . 0 8 1 0 . 2 9 4 3 . 6 4 0 . 8 8 0 . 1 3 0 1 . 5 1
0 . 0 7 6 0 . 3 6 8 4 . 8 6 0 . 8 5 0 .1 4 1 1 . 7 6
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TABLE 10 .  
p H ~ T i t r a t i o n .
O.IM. a lu m in iu m  n i t r a t e ,  1 .50M, p h o s p h o r i c  a c i d
w i t h  sod ium  n i t r a t e  a d d e d  3S 0.25M.
[Al]
m o ls . m o l s .
K ! pH [h+] a [h1
[A l] [Al]
0 . 1 0 0 0 . 0 0 0 0 . 0 0 2 .0 7 0 . 0 0 8 0 . 0 0
0 . 0 9 9 0 . 0 0 6 0 . 0 6 1 . 7 6 0 .0 1 7 0 . 0 9
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 . 6 1 0 . 0 2 4 0 . 1 6
0 ,0 9 9 0 .0 1 8 0 . 1 8 1 . 5 1 0 .0 3 1 0 .2 3
0 . 0 9 8 0 . 0 2 4 0 . 2 4 1 .4 5 0 .0 3 6 0 . 2 7
0 . 0 9 8 0 .0 3 6 0 . 3 6 1 . 3 4 0 .0 4 6 0 . 3 8
0 . 0 9 7 0 .0 4 7 0 . 4 9 1 . 2 8 0 .0 5 3 0.  45
0 .0 9 6 0 . 0 5 8 0 .6 1 1 . 2 2 0 .0 6 0 0 . 5 4
0 . 0 9 4 0 .0 8 6 0 . 9 1 1 . 1 2 0 .0 7 6 0 . 7 2
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 0 5 0 .0 8 8 0 . 8 6
0 .0 8 9 0 .1 6 3 1 . 8 2 0 .9 7 0 .1 0 8 1 . 1 2
0 . 0 8 1 0 . 2 9 4 3« 64 0 . 8 7 0 .1 2 9 1 . 4 9
-4 6 -
TABLB 11 .  
p H - T i t r a t i o n .
O.IM. a lu m in iu m  n i t r a t e  1 .50M. p h o s p h o r i c  a c i d
w i t h  sod ium  c h l o r i d e  a d d e d  3E-0.50M.
[All
m o ls .
KJ
m o ls . i*i]
pH 1 H+] a [h+]
[Al]
0.100 0 . 0 0 0 0.00 2.03 0.009 0.00
0.099 0.006 0.06 1.72 0.019 0.10
0.099 0.012 0.12 1.59 0,026 0.17
0.098 0.024 0.24 1.42 0.038 0. 29
0.098 0.036 0.36 1.32 0.048 0.40
0.097 0.047 0.49 1. 26 0.055 0.47
0.096 0.058 0.61 1.19 0.065 0.58
0.094 0.086 0.91 1.09 0.081 0.76
0.093 0.112 1.21 1.03 ' 0.093 0,91
0.089 0.163 1.82 0.95 0.112 1.09
0.081 0.294 3.64 0.82 0.150 1.74
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TABLE 12 .  
p H - T i t r a t i o n .
O.IM. a lu m in iu m  n i t r a t e ,  1 .50M. p h o s p h o r i c  a c i d
w i t h  sod ium  s u l p h a t e  a d d e d  ^ 0 . 5 0 M .
[A ll
m o l s .
K 1
m o ls .
K i
[Al]
pH [h‘ ] a [h 1
[A ll
0 . 1 0 0 0 . 0 0 0 0 . 0 0 2 .7 2 0 .0 0 1 0 . 0 0
0 . 0 9 9 0 . 0 0 6 0 . 0 6 2 . 3 0 0 .0 0 5 0 . 0 4
0 . 0 9 9 0 . 0 1 2 0 . 1 2 2 .1 4 0 .0 0 7 0 . 0 6
0 . 0 9 9 0 . 0 1 8 0 . 1 8 2 .0 4 0 .0 0 9 0 . 0 8
0 . 0 9 8 0 . 0 2 4 0.  24 1 . 9 7 0 .0 1 1 0 . 1 0
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 . 9 1 0 . 0 1 2 0 . 1 1
0 . 0 9 8 0 . 0 3 6 0 . 3 6 1 . 8 6 0 . 0 1 4 0 .1 3
0 . 0 9 7 0 . 0 4 7 0 . 4 9 1 . 7 8 0 .0 1 7 0 . 1 6
0 . 0 9 6 0 . 0 5 8 0 . 6 1 1 . 7 2 0 . 0 1 9  • 0 . 1 9
0 . 0 9 4 0 . 0 8 6 0 . 9 1 1 . 6 2 0 . 0 2 4 0 . 2 4
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 5 4 0 . 0 2 9 0 . 3 0
0 . 0 8 6 0 . 2 0 9 2 .4 3 1 . 3 6 0 .0 4 4 0 . 4 9
0 . 0 8 1 0 . 2 9 4 3 . 6 4 1 . 2 5 0 . 0 5 6 0 . 6 8
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TABLE 13 .  
p H - T i t r a t i o n .
O.IM. a lu m in iu m  s u l p h a t e ,  1 .52M. p h o s p h o r i c  a c i d
w i t h  no s a l t  a d d e d .
[ax]
m o l s . m o l s .
feo l
[Al]
pH [h+] &[h!?
£a i!
0.100 0 . 0 0 0 0,00 3.13 0.001 0.00
0.099 0.006 0.06 2.29 0.005 0 . 0 4
0.099 0.012 0.12 2.05 0.009 0.08
0.099 0.018 0.18 1.91 0.012 0.120.098 0.024 0.24 1.82 0.015 0.15
0.098 0 . 0 3 0 0.30 1.75 0.018 0.18
0.098 0.036 0.36 1.70 0.020 0.20
0.097 0.041 0.42 1.65 0.022 0.22
0.097 0.047 0.49 1.61 0.025 0.25
0.097 0.053 0.55 1.58 0.026 0.27
0.096 0.058 0.61 1.55 0.028 0.29
0.095 0 . 0 8 0 0.85' 1.45 0.036 0.37
0.093 0.102 1.09 1.38 0.042 0.44
0.092 0.123 1.34 1.32 ; 0.048 0.51
0.091 0.143 1.58 1.28 0.053 0.57
0.089 0.163 '■ 1.82 1.25 0.057 O. 6 4
0.086 0.209 2.43 1.18 0.066 0.76
0.083 0.253 3.04 1 . 1 2 0.077 0.91
0 . 0 8 1 0. 294 3* 64 1.09 0 . 0 8 2 1 . 0 1
0 . 0 7 6 0. 368 4 . 8 6 1 , 0 2 0.093 1 . 2 2
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TABLE 14 .  
p H - T i t r a t i o n .
O.IM. a lu m in iu m  s u l p h a t e ,  1.52M. p h o s p h o r i c  a c i d
w i t h  sod ium  n i t r a t e  a d d e d  =  0.25M.
fAl]
m o l s .
fro*!
m o l s .
N pH [ - 1 a [hT
[Al] [A l]
0 . 1 0 0 0 . 0 0 0 0 . 0 0 3 . 0 3 0 .0 0 1 0 . 0 0
0 .0 9 9 0 .0 0 6 0 . 0 6 2 .1 8 0 .0 0 7 0 . 0 6
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 . 9 7 0 .0 1 1 0 . 1 0
0 . 0 9 9 0 . 0 1 8 0 . 1 8 1 . 8 3 0 .0 1 5 0 . 1 4
0 . 0 9 8 0 . 0 2 4 0 . 2 4 1 . 7 6 0 .0 1 7 0 . 1 7
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 . 6 7 0 .0 2 1 0 . 2 1
0 . 0 9 8 0 . 0 3 6 0 . 3 6 1 . 6 2 0 .0 2 4 0 . 2 4
0 . 0 9 7 0 . 0 4 1 0 . 4 2 1 . 5 8 0 .0 2 6 0 . 2 6
0 . 0 9 7 0 .0 4 7 0 . 4 9 1 . 5 4 0 .0 2 9 0 . 2 9
0 . 0 9 7 0 .0 5 3 0 .5 5 1 . 5 1 0 .0 3 1 0 . 3 1
0 .0 9 6 0 . 0 5 8 0 . 6 1 1 . 4 8 0 .0 3 3 0 . 3 4
0 .0 9 5 0 . 0 6 8 0 . 7 3 1 . 4 3 0 .0 3 7 0 . 3 8
0 . 0 9 4 0 . 0 9 1 0 . 9 7 1 . 3 5 0 .0 4 5 0 . 4 7
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 2 9 0 .0 5 1 0 . 5 4
0 .0 8 9 0 .1 6 3 1 . 8 2 1 . 1 9 0 .0 6 5 0 . 7 1
0 . 0 8 6 0 . 2 0 9 2 .43 . 1 . 1 2 0 .0 7 6 0 . 8 7
0 .0 8 3 0 .2 5 3 3 .0 4 1 . 0 8 O.O84 1 . 0 0
0 . 0 8 1 0 . 2 9 4 3 . 6 4 1 . 0 4 0 .0 9 1 1 . 1 2
0 . 0 7 8 0 . 3 3 2 4 .25 1 . 0 1 0 .0 9 9 1 . 2 6
0 . 0 7 6 0 . 3 6 8 4 .8 6 0 . 9 9 0 . 1 0 2 1 . 3 4
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TABLE 15 .  
pH-titration.
O.IM, aluminium sulphate, 1.52M. phosphoric acid
with ammonium sulphate added s  0.20M.
[Al] K i K i pH [H+] a [h +]
mols. mols. [All [Al]
0 . 1 0 0 0 . 0 0 0 0 . 0 0 2 .3 3 0 .0 0 5 0 . 0 0
0 . 0 9 9 0 .0 0 6 0 . 0 6 2 .1 5 0 .0 0 7 0 . 0 2
0 . 0 9 9 0 . 0 1 2 0 . 1 2 2 .0 4 0 .0 0 9 0 . 0 4
0 . 0 9 9 0 . 0 1 8 0 . 1 8 1 . 9 5 0 .0 1 1 0 . 0 7
0 .0 9 8 0 . 0 2 4 0 . 2 4 1 . 8 9 0 .0 1 3 0 . 0 8
0 . 0 9 8 0 . 0 3 0 0 . 3 0 1 .8 5 0 .0 1 4 0 . 1 0
0 . 0 9 8 0 . 0 3 6 0 . 3 6 1 . 8 0 0 . 0 1 6 0 . 1 1
0 . 0 9 7 0 .0 4 1 0 . 4 2 1 . 7 6 0 , 0 1 7 0 .1 3
0 . 0 9 7 0 .0 4 7 0 . 4 9 1 .7 3 0 .0 1 9 0 . 1 4
0 . 0 9 7 0 .0 5 3 0 . 5 5 1 . 6 9 0 .0 2 0 0 . 1 6
0 . 0 9 6 0 . 0 5 8 0 . 6 1 1 .  66 0 . 0 2 2 0 . 1 8
0 .0 9 5 0 .0 6 8 0 .7 3 1 . 6 1 0 .0 2 6 0 . 2 1
0 .0 9 4 0 .0 9 1 0 . 9 7 1 . 5 3 0 .0 3 0 0 . 2 6
0 .0 9 3 0 . 1 1 2 1 .  21 1 . 4 8 0 .0 3 4 0 . 3 1
0 . 0 8 9 0 .1 6 3 1 . 8 2 1 . 3 7 0 .0 4 3 0 . 4 30 . 0 8 6 0 . 2 0 9 2 .43 1 . 3 0 0 .0 5 0 0 .5 3
0 .0 8 3 0 .2 5 3 3 . 0 4 1 .2 5 0 .0 5 7 0 . 6 3
0 . 0 8 1 0.  294 3 .6 4 . 1 . 2 0 0 .0 6 3 0 . 7 2
0 . 0 7 8 0 . 3 3 2 4 .2 5 1 . 1 7 0 .0 6 8 0 . 8 1
0 . 0 7 6 0 . 3 6 8 4 .8 6 1 . 1 4 0 . 0 7 2 0 . 8 9
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TABLE 16 .
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  a lu m in iu m  by  Zeo Karb  225-H f rom  
s o l u t i o n s  c o n t a i n i n g  a lu m in iu m  c h l o r i d e  an d  p h o s p h o r i c  a c i d .
S o l u t i o n s R e s i n
&04]
m .m o ls .
M
m .m o ls .
(?°41
M
PH C a p a c i t y
i n
m eg . /gm .
M o l s .A l .  
s o r b e d  p e r  
e q . o f  r e s i n
0 . 0 0 5 .0 3 0 . 0 0 1 . 2 4 3 . 6 8 0 .3 4 7
0 . 9 9 4 . 7 3 0 . 2 1 1 . 2 0 3 . 7 0 0 .3 4 5
2 . 9 6 4 .1 3 0 . 7 2 1 . 1 0 3 . 7 2 0 .3 4 4
4 . 9 3 3 . 5 2 1 . 4 0 1 . 0 5 3 .7 3 0 .3 4 8
7 . 9 0 2 .6 2 3 . 0 2 1 . 0 3 3 . 6 6 0 .3 3 8
9 . 8 7 2 .0 1 4 . 9 0 1 . 0 4 3 .6 5 0 .3 2 9
1 1 . 8 4 1 . 4 1 8 . 4 0 1 . 0 6 3 . 6 4 0 .3 1 4
0 . 0 0 1 0 0 . 0 0 0 .0 0 0. 28 3 . 6 4 0 .3 4 0
5 0 .0 0 5 0 .0 0 1 . 0 0 0 . 1 2 3 . 6 4 0 . 3 2 3 -*r
No p h o s p h a t e  an d  no c h l o r i d e  was s o r b e d  by t h e  r e s i n  
f ro m  t h e  s o l u t i o n s  s t u d i e d .
T r a c e s  o f  p h o s p h a t e  a n d  c h l o r i d e  f o u n d  i n  t h i s  c a s e .
W eig h t  o f  r e s i n . . ,  
Volume o f  s o l u t i o n
0 . 5 0 0  gm. 
50 m l .
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TABLE 17.
Io n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  a lu m in iu m  a n d  p h o s p h a t e  by  Zeo Karb  225-H1 
f rom  s o l u t i o n s  c o n t a i n i n g  a lu m in iu m  c h l o r i d e  and sodium 
d i h y d r o g e n  p h o s p h a t e
K l
m .m o ls .
[AlJ
m .m ols
f? ° 4]
[Alj
PH m o l s . Al 
s o r b e d  per_ 
e q . o f  r e s i n
m o ls .P O .  
s o r b e d  p e r  
e q . o f  r e s i n
— 4 .8 5 0 . 0 0 1 . 3 6 0 .3 4 3 — —
2.4-8 4 . 1 2 0.  60 1 . 4 1 0 .3 4 2 0 . 0 0 8
3 .6 3 3 . 7 8 0 . 9 6 1 . 4 7 0 .3 6 7 0 . 0 2 2
3 . 8 5 3 . 7 0 1 . 0 4 1 . 4 5 0 .3 9 0 0 .0 2 f f
4 . 2 9 3 . 5 7 1 . 2 0 1 . 4 5 0 .4 0 4 0 . 0 3 0
' 4 . 9 5 3 .5 3 1 . 4 0 1 . 5 2 0 .4 0 4 0 .0 4 3
5 . 6 1 3 . 2 0 1 . 7 5 1 . 6 0 0 .4 1 2 0 .0 5 3
6 . 2 7 3 . 0 1 2 .0 8 1 . 7 1 0 .3 7 1 0 .0 3 6
7 . 2 6 2 .7 2 2 .7 3 1 . 8 2 0 .3 6 4 0 .0 4 0
8 .2 5 2 .5 2 3 . 2 7 1 . 9 7 0 .3 3 7 0 .0 5 6
9 . 2 4 2 .2 2 4 . 1 6 2 .1 7 0 .2 4 5 0 . 0 4 0
9 . 2 2 2 .1 3 4 . 3 4 2 .1 5 0 .2 5 9 0 .0 2 2
9 . 9 0 2 . 0 2 4 . 9 1 2 .2 1 0 .2 3 3 0 .0 2 9
1 0 . 5 6 1 . 7 5 6 .0 3 2 .3 3 0 .1 7 1 0 .0 1 3
No c h l o r i d e  was s o r b e d  by  t h e  e x c h a n g e r
W eig h t  o f  r e s i n . . .  
Volume o f  s o l u t i o n
0 .5 0 0  gm. 
50 m l .
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TABLE 18.
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  a lu m in iu m  and  p h o s p h a t e  b y  Zeo Karb  225-H 
f ro m  s o l u t i o n s  c o n t a i n i n g  a lu m in iu m  c h l o r i d e  and  p h o s p h a t e  i o h  
( p h o s p h a t e  p r e s e n t  a s  a  m i x t u r e  o f  p h o s p h o r i c  a c i d  and  sod ium  
d i h y d r o g e n  p h o s p h a t e  i n  v a r i o u s  p r o p o r t i o n s ) .
j p o j /  III] = 1.04/1.
S o l u t i o n R e s i n
pH m o ls  Al s o r b e d  
p e r  eq .  o f  r e s i n
m ols  PO. s o r b e d  
p e r .  e q . . o f  r e s i n  •
1 . 0 6 0 . 3 4 0 0 .0 0 0
1 . 1 2 0 .3 4 5 • . 0 .0 0 5
1 . 1 3 0 . 3 6 0 0 .0 1 2
1 . 1 8 0 . 3 7 0 0 .0 1 5
1 . 1 9 0 . 3 7 0 0 .0 1 9
1 . 2 9 0 . 3 7 0 0 .0 1 9
1 . 3 4 0 . 3 8 0 0 . 0 2 0
1 . 4 5 0 . 3 9 0 0 .0 2 6
No c h l o r i d e  was s o r b e d  by  t h e  e x c h a n g e r
W eig h t  o f  r e s i n . . . ..........0 .5 0 0  gm.
Volume o f  s o l u t i o n ..........50 m l .
TABLE 19.
Ion-Exchange S tu d ies .
S o r p t i o n  o f  c h l o r i d e  a n d  p h o s p h a t e  by I . E . A ,  
400 -0 1  f rom  s o l u t i o n s  c o n t a i n i n g  a lu m in iu m  c h l o r i d e  an d
p h o s p h o r i c  a c i d .
S o l u t i o n s  ' R e s i n
P 0 4 Al Cl pH
C a p a c i t y
i n
M ols .  s o r b e d  p e r  
e q u i v a l e n t  o f  r e s i n
m .m o ls . m .m o ls . m .m o ls . m eg . /g m . Cl 4
0 . 0 0 5 . 0 4 1 6 . 4 5 1 . 6 6 2 .7 8 1 . 0 0 0 N i l .
1 . 3 2 4. 64 1 5 .1 3 1 . 4 5 2 . 8 0 0 .9 9 9
2 .6 3 4. 24 1 3 . 8 2 1 . 3 4 2 .7 8 0 .9 9 5 11
3 .9 5 3 .8 3 1 2 . 5 0 1 . 2 5 2 . 7 8 0 .9 8 9 0 . 0 0 3
5 . 9 2 3 . 2 2 1 0 . 5 3 1 . 1 6 2 .7 7 0 .9 7 1 0 .0 2 3
7 . 9 0 2 . 6 2 8 .5 5 1 . 1 5 2 .7 7 0 . 9 4 2 0 .0 3 4
9 . 8 7 2 .0 1 6 . 58 1 . 1 6 2 .7 9 0 .9 0 7 0 .0 5 3
1 1 . 8 4 1 . 4 1 4 . 6 1 ' 1 . 1 6 2 . 7 8 0 .8 6 3 0 .0 8 6
0 . 0 0 100 324 0 .2 5 2 .8 9 0 .9 9 9 N i l .
No a lu m in iu m  was s o r b e d  by  t h e  r e s i n
f rom  t h e  s o l u t i o n s  s t u d i e d .
W eig h t  o f  r e s i n . . . . , . . ,  1 . 0 0 0  gm. 
Volume o f  s o l u t i o n   50ml.
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TABLE 20.
I o n - E x c h a n g e  St u d i e s *
S o r p t i o n  o f  c h l o r i d e  and  p h o s p h a t e  by  I . R . A .  
4 0 0 - Cl f rom  a lu m in iu m  c h l o r i d e  -  sodfum d i h y d r o g e n  
p h o s p h a t e  s o l u t i o n s .
S o l u t i o n s
i
R e s i n
C a p a c i t y m o l s . s o r b e d  p e r
P 0 4 Al 01 i n e q u i v a l e n t  o f  r e s i n
m .m o ls . m .m o ls . m .m ols m eg . /g m . Cl P 0 4
3 . 3 0 4 .0 3 1 3 . 1 6 2 .8 9 0 .9 8 3 0 .0 0 7
6 . 6 0 3 . 0 2 9 . 8 7 i 2 .9 1 0 .9 3 9 0 .0 2 9
No a lu m in iu m  was s o r b e d  by  t h e  r e s i n  
f rom t h e  s o l u t i o n s  s t u d i e d .
W eig h t  o f  r e s i n . .   1 . 0 0 0  gm.
Volume o f  s o l u t i o n . . . . .  50 ml.
-56-
TABLE 21.
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  a lu m in iu m  an d  p h o s p h a t e  by  A m b e r l i t e
I . R . A .  400 -P 0 ^  f rom  s o l u t i o n s  o f  a lum in ium  p h o s p h a t e  i n  
p h o s p h o r i c  a c i d .
S o l u t i o n s R e s i n
A12°3 P 2°5
*
m o ls .  s o r b e d  p e r  
e q u i v .  o f  r e s i n
A1 P04
4 . 9 2 7 . 0 0 .0 5 1 0.  672
4 . 5 2 5 .0 0 . 0 4 0 0 . 7 7 2  *-
4 .5 3 0 . 0 0 . 0 3 0 0 .8 0 4
4 . 5 3 4 .9 0 .0 3 3 0 . 684
4 .5
:
3 5 . 0 0 .0 2 6 0 .7 6 0  ^
A v e ra g e  c a p a c i t y  o f  t h e  r e s i n . .  2 .5 0  m e q s . /g m .  
^  H e s i n  n o t  f u l l y  washed
W eigh t  o f  r e s i n . .  1 . 0 0 0  gm.
. W eigh t  o f  s o l u t i o n . . . .  100 gm.
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TABLE 22.
I o n - E y c h e nge S t u d i e s ,
S o r p t i o n  o f  a lu m in iu m ,  p h o s p h a t e  and  c h l o r i d e  
by  I . R . A .  400 -  PO. f ro m  s o l u t i o n s  o f  a lu m in iu m  p h o s p h a t e
an d  h y d r o c h l o r i c  a c i d .
S o l u t i o n s R e s i n
A1
m .m o ls . m .m o ls .
. Cl
m .m o ls .
pH '
C a p a c i t y
i n
m e^ . /gm .
m o l s .  s o r b e d  
p e r  e q u i v a l e n t  o f  r e s i n
A1 -P04 Cl
4 .5 9
4 . 0 4
3 . 4 9
2 .9 4
1 7 . 6
1 5 . 5
1 2 . 4
1 0 . 3
0 . 0 0  
1 . 8 0  
3 • 60 
5 . 4 0
1 . 3 4
1.3C
1 .2 6
1 .1 6
2 .4 1  
2 ,4 0  
; 2'. 40 
2 . 3 8
0 .0 3 0
0 . 0 2 2
t r a c eit
0 .7 7 3
0 .5 2 9
0 . 2 7 1
0 .2 1 4
0 . 0 0 0
0 .2 7 1
0 .4 8 9
0 .6 5 5
W eig h t  o f  r e s i n . . .  
Volume o f  s o l u t i o n
1 . 0 0 0  gm. 
50 m l .
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TABLE 23.
Ion-Exchange S tu d ies .
S o r p t i o n  o f  a lu m in iu m ,  p h o s p h a t e  and  c h l o r i d e  
b y  I . R . A .  400 -  PO^ f rom  c o n c e n t r a t e d  s o l u t i o n s  o f  
a lu m in iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d .
S o l u t i o n R e s i n
fA l
m .m o ls .
f c ° J
m .m o ls .
[Clj
m .m o ls .
pH
C a p a c i t y
i n
m e ^ . /g m .
m o l s . s o r b e d  p e r  
e q u i v a l e n t  o f  r e s i n
A1 P04 Cl
5 0 .0 5 0 .0 ' 1 6 2 .0 0 . 1 2 2 .5 0 0 .0 2 4
L
0 .0 5 3 0 ,9 1 2
W e ig h t  o f  r e b i n . .............. . 1 . 0 0 0  gm.
Volume o f  s o l u t i o n . . . . .  50 m l.
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TABLE 24.
I o n - E x c h a n g e  S t u d i e s .
A lum in ium  rem oved  ( p e r  c e n t )  f rom  Zeo K arb  225 by 
p h o s p h o r i c  a c i d  s o l u t i o n s  o f  d i f f e r i n g  pH.
V a r i a t i o n  w i t h  t im e
Time
pH v a l u e s .
1 . 2 5 1 , 0 0 0 . 7 5 0 . 5 0 0 .2 5 0 .0 5
7 d a y s 2 0 .7 3 6 . 4 5 8 .5 7 9 . 2 9 0 .9 9 7 . 4
1 day 1 8 . 2 3 3 . 8 5 3 .5 7 6 . 0 8 7 .1 9 1 . 2
5 h o u r s ■15.5 3 0 . 2 5 0 . 1 6 8 .8 7 9 .4 8 6 . 6
2 h o u r s 1 4 . 1 2 8 .8 4 6 . 8 6 6 .5 7 6 .9 8 5 . 0
1 h o u r 1 2 . 4 2 4 .1 3 9 . 1 5 9 .7 7 0 .3 8 0 . 8
i  h o u r 1 0 . 9 2 1 .2 3 2 . 8 5 1 . 7 5 9 .5 7 3 .5
\  h o u r 8 . 6 1 6 . 7 2 8 . 1 4 2 .3 5 2 .6 6 3 . 2
W eig h t  o f  r e s i n ..................0 .5 0 0  gm.
Volume o f  s o l u t i o n . . . . .  50 m l .
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TABLE 25.
I o n - E x c h a n g e  S t u d i e s .
A luminium rem oved  ( p e r  c e n t . )  f rom  Zeo Karb  225-A1 
b y  p h o s p h o r i c  a n d  o t h e r  a c i d s  a f t e r  l i  h o u r s  c o n t a c t .
V a r i a t i o n  w i t h  pH.
pH
A lum inium  rem oved  ( p e r  c e n t . )
' h3p o 4 HC1 h 2s o4 h c i o 4
0 .0 5 8 3 . 6 7 5 .5 7 0 . 6 *46.5
0 .2 5 7 4 . 3 5 2 . 4 5 8 . 7 3 4 .2
0 . 5 0 6 3 .1 3 4 . 4 3 8 .3 2 3 .0
0 . 7 5 4 3 -8 2 1 . 2 2 7 .9 ; 1 6 .3
1 . 0 0 2 6 .7 1 1 . 3 1 7 . 3 9 . 2
1 . 2 5 1 4 . 5 5 . 0 1 1 . 7 6 . 4
1 . 5 0 5 . 9 0 . 9 7 . 2 4 . 8
W eig h t  o f  r e s i n . . . . . . . . .  0 . 5 0 0  gm.
Volume o f  s o l u t i o n    50 m l.
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TABLE 26.
I o n - e x c h a n g e  S t u d i e s .
A lum inium  rem oved  ( p e r  c e n t )  f rom  Zeo E a r b  225-A1 
b y  p h o s p h o r i c  an d  o t h e r  a c i d s  a f t e r  7 d a y s  ( e q u i l i b r i u m ) .
V a r i a t i o n  w i t h  pH.
PH Aluminium removecF ( p e r  c e n t )
H3P° 4 HOI h 2s o4 HC10. 4
0 . 0 5 9 7 . 4 8 0 . 8 7 5 . 1 4 8 .6
0 . 2 5 9 0 . 9 6 1 . 4 6 1 .4 3 8 . 2
0 . 5 0 7 9 . 2 3 6 . 6 4 3 .6 2 7 .6
0 . 7 5 5 8 .5 2 3 .8 3 0 . 8 2 0 .0
1 . 0 0 3 6 . 4 1 4 .5 2 0 .0 1 2 . 4
1 . 2 5 2 0 .7 1 0 . 0 1 2 . 1 7 . 7
1 . 5 0 5 . 6 5 . 6 7 . 3 4 . 0
W eig h t  o f  r e s i n .................. 0 .5 0 0  gm.
Volume o f  s o l u t i o n   50 m l .
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TABLE 27.
Ion-Exchange S tu d ies .
Z in c  rem oved  ( p e r  c e n t )  f ro m  Zeo K arb  225-Zn by 
p h o s p h o r i c  and  o t h e r  a c i d s  a f t e r  l i  h o u r s  c o n t a c t .
V a r i a t i o n  w i t h  pH.
pH.
Z in c  rem oved  ( p e r  c e n t )
H3K ) 4 HC1 HCIO^
0 . 0 5 6 3 . 5 9 1 . 7 6 7 .9
0 . 2 5 5 6 . 1 8 0 . 2 5 7 . 0
0 . 5 0 4 2 .1 5 6 . 4 4 4 .8  •
0 . 7 5 36 .  6 3 9 . 2 3 4 .7
1 . 0 0 2 4 .5 2 6 .3 2 6 .2
' 1 . 2 5 1 9 . 7 1 8 . 3 1 8 . 7
1 . 5 0 1 3 . 4 1 1 . 4 1 3 . 6
W eigh t  o f  r e s i n . . . . . . . .  0 .5 0 0  gm.
Volume o f  s o l u t i o n . . . . .  50 m l.
TABLE 28.
I o n - E x c h a n g e  S t u d i e s ,
Z in c  rem oved  ( p e r  c e n t )  f rom  Zeo Karb  225-Zn by  
p h o s p h o r i c  an d  o t h e r  a c i d s  a t  e q u i l i b r i u m :  ( a f t e r  7 d a y s ) .
V a r i a t i o n  w i t h  pH
Z in c  rem oved  ( p e r  c e n t )
pH H3F 0 4 HC1 HC10,4 ■
0 . 0 5 7 0 . 2 9 1 .5 7 1 . 2
0 . 2 5 6 4 . 4 8 3 . 2 6 2 .6
0 . 5 0 5 4 . 7 6 1 .1 4 7 .8
0 . 7 5 4 3 . 4 4 4 . 0 3 9 .9
1 . 0 0 3 1 .3 2 9 .1 2 9 .1
1 . 2 5 2 2 .5 2 1 .7 2 0 .6
1 . 5 0
.
1 5 . 8 1 4 .5 1 5 . 0
W eigh t  o f  r e s i n . . .  
Volume o f  s o l u t i o n
0 . 5 0 0  gm. 
50 m l.
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I I  ( k )  B i b l i o g r a p h y  f o r  P a r t  I I .
( 2 4 ) .  E r l e n m e y e r  -  A n n a le n .  I 878  194 176 .
( 2 5 ) .  T r a v e r s  and  P e r r o n  -  Ann. Chim. 1924 278.
( 2 6 ) .  G u e r i n  a n d  M a r t i n  -  Compt. Rend. 1952 234 177 7 .
( 2 7 ) .  J am eso n  a n d  Salmon -  J .  Chem. Soe .  1954 4013 .
( 2 8 ) .  B r o s h e e r ,  L e n f e s t y  an d  A n d e r s o n  -  J .  Amer. Chem. Soc,
1954  76 5951 .
( 2 9 ) .  P ede  -  Z. a n o r g .  Chem. 1922 125 28.
( 3 0 ) .  B j e r r u m  a n d  Dahm -  Z. p h y s .  Chem. B o d e n s t e i n
P e s t h a n d  1931 627.
( 3 1 ) .  J e n s e n  -  Z . a n o r g .  Chem. 1934 221 1 .
( 3 2 ) .  Salmon -  J .  Chem. Soc.  1953 2644.
PART I I I  
THE INDIUM PHOSPHATES
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I I I  ( a ) .  H i s t o r i c a l  I n t r o d u c t i o n .
The f i r s t  m e n t i o n  o f  t h e  p r e p a r a t i o n  o f  an y  compound 
o f  i n d iu m  w i t h  p h o s p h a t e  was made by  W in k l e r  ( 3 3 ) .  I n  h i s  
e x p e r i m e n t s  h e  a d d e d  sod ium  h y d r o p h o s p h a t e  s o l u t i o n  t o  a  
s o l u t i o n  o f  i n d iu m  c h l o r i d e  i n  w a t e r ,  an d  o b t a i n e d  a  p r e ­
c i p i t a t e  i m m e d i a t e l y .  He s t a t e d  t h a t  " t h e  p r e c i p i t a t e  d i s ­
s o l v e d  i n  p o t a s h  l y e  b u t  t h e  s o l u t i o n  so o n  became t u r b i d " .
The o n l y  o t h e r  d e s c r i p t i o n  o f  t h e  p r e p a r a t i o n  o f  a n  
i n d iu m  p h o s p h a t e  was g i v e n  more r e c e n t l y  by  E n s s l i n ,  D r e y e r ,  
a n d  Lessm ann  ( 3 4 ) .  On a d d i t i o n  o f  sod ium  p h o s p h a t e  t o  a  
s o l u t i o n  o f  i n d iu m  c h l o r i d e  i n  w a t e r ,  i n d iu m  p h o s p h a t e  was 
p r e c i p i t a t e d .  T h e s e  a u t h o r s  gave  t h e  f o r m u l a  o f  t h e  p r e c i p i t ­
a t e ,  w h ic h  r e s u l t e d ^ a s  IhPO^ when d r i e d .  They a l s o  m e n t i o n e d  
t h a t  when t h i s  s o l i d  was h e a t e d  w i t h  p h o s p h o r i c  a c i d , a  s e c o n d  
s o l i d  w h ic h  h a d  t h e  c o m p o s i t i o n  I n (P O ^ )^  was fo rm ed .
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I I I  (b) Scope of  the Work.
The i n t r o d u c t i o n  g i v e n  a b ov e  shows t h a t  v e r y  l i t t l e  
was known o f  t h e  s t r u c t u r e  a n d  number  o f  t h e  i n d iu m  p h o s ­
p h a t e s .  I t  w as ,  t h e r e f o r e ,  d e c i d e d  t o  s t u d y  them by e x a m in in g  
t h e  num ber  and  t y p e  o f  compounds fo rm ed  b e tw e e n  in d iu m  and  
o r t h o p h o s p h o r i c  a c i d .
T h i s  i n v o l v e d  a  c o m p l e t e  s t u d y  o f  t h e  s y s t e m  a t  25°C. 
a n d ,  a s  i n  o t h e r  r e c e n t  p h a s e - d i a g r a m  s t u d i e s  ( 3 5 ) * ( 3 6 ) ,  t h e  
c o m p o n e n ts  c h o s e n  f o r  g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  s y s t e m  
w e re  t h e  o x i d e s  ( i . e .  I n ^ O ^ , a n d  H^O). The f o r m u l a e  o f  
t h e  compounds w e re  a s c e r t a i n e d  b y  t h e  u s e  o f  S c h r e i n e m a k e r s ' 
nw e t  r e s i d u e s ” m e th o d  a s  d e s c r i b e d  i n  P a r t  I  ( b ) .
P a r t  o f  t h e  same s y s t e m  was s t u d i e d  a t  70°C. w i t h
p a r t i c u l a r  r e f e r e n c e  t o  s o l u t i o n s  i n  w h ic h  t h e  c o n c e n t r a t i o n
o f  p h o s p h o r i c  o x i d e  was l e s s  t h a n  1 0 $ .  H i g h e r  c o n c e n t r a t i o n s
w ere  n o t  e x am ined  b e c a u s e  t h e  s o l u t i o n s  w ere  v e r y  v i s c o u s
due t o  t h e  h i g h  s o l u b i l i t y  o f  i n d iu m  o x i d e  a t  t h i s  t e m p e r a -  
*
t u r e  a n d  a s  a  r e s u l t  e q u i l i b r i u m  was r e a c h e d  b u t  s l o w l y .
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I I I  (c )  Experimental.
( i ) .  A p p a r a t u s .
The s o l u t i o n s  f o r  t h e  p h a s e - d i a g r a m  e x p e r i m e n t s  a t  
25°C. w e re  c o n t a i n e d  i n  P y r e x  g l a s s  t u b e s  c l o s e d  w i t h  B 19 
g r o u n d - g l a s s  s t o p p e r s .  The t u b e s  w ere  h e l d  i n  a  b r a s s  r a c k  
w h ic h  was k e p t  i n  a  w a t e r  t h e r m o s t a t  a t  25° -  0 .0 1 ° C .
The s o l u t i o n s  f o r  t h e  e x p e r i m e n t s  a t  70°C. w ere  c o n ­
t a i n e d  i n  P y r e x  t e s t - t u b e s  c l o s e d  w i t h  r u b b e r  b u n g s .  The 
t u b e s  w ere  h e l d  i n  a  wooden r a c k ,  t h e  s i d e s  o f  w h ic h  w ere  
i n s u l a t e d  w i t h  c o t t o n - w o o l  h e l d  i n  p l a c e  by c a r d b o a r d .  W ith  
t h i s  i n s u l a t i o n ,  a l t h o u g h  t h e  t e m p e r a t u r e  v a r i a t i o n  i n  t h e  
a i r - b v e n  u s e d  t o  c o n t a i n  t h e  t u b e s  was a s  g r e a t  a s  i :  0 . 5° C . ,  
t h e  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  l i q u i d  i n  t h e  t u b e s  was n o t  
s i g n i f i c a n t .  Some d i l u t e  s o l u t i o n s  w ere  c o n t a i n e d  i n  100 m l .  
c o n i c a l  f l a s k s  c l o s e d  w i t h  r u b b e r  b u n g s ,  t h e s e  b u n g s  w ere  
w i r e d  t i g h t l y  i n  p l a c e .
( i i ) .  P r e p a r a t i o n  o f  M a t e r i a l s .
The in d iu m  p h o s p h a t e  u s e d  i n  t h e  p h a s e - d i a g r a m  e x p e r i ­
m e n t s  was p r e p a r e d ' f r o m - p u r e  i n d iu m  m e t a l  i n  t h e  f o l l o w i n g  
m a n n e r .
I n d iu m  ( 1 0  g m . ) was d i s s o l v e d  i n  a  s l i g h t  e x c e s s  o f  
h y d r o c h l o r i c  a c i d  ( 6M .) ,  a n d  t h e  s o l u t i o n  o b t a i n e d  was e v ap ­
o r a t e d  a l m o s t  t o  d r y n e s s .  The m o i s t  c r y s t a l s  o f  in d iu m  
c h l o r i d e  t h u s  o b t a i n e d  w ere  d i s s o l v e d  i n  500  m l .  o f  w a t e r ,
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an d  a  s l i g h t  e x c e s s  (7  m l . )  o f  ‘'Anal a r ” s y r u p y  p h o s p h o r i c  a c i d  
was a d d e d .  The r e s u l t i n g  s o l u t i o n ,  i n  a  1 . l i t r e  c o n i c a l  f l a s k  
was t h e n  t r e a t e d  w i t h  1M. sod ium  h y d r o x i d e  s o l u t i o n  u n t i l  t h e  
p r e c i p i t a t e  w h ic h  f o rm e d  j u s t  r e m a i n e d .  The f l a s k  was t h e n  
p l a c e d  on a  s t e a m - b a t h  and  h e a t e d  f o r  24 h o u r s ,  a t  t h e  end o f  
w h ic h  t i m e , t h e  g e l a t i n o u s  p r e c i p i t a t e  w h ic h  fo rm ed  on h e a t i n g ,  
h a d  become g r a n u l a r *
A f u r t h e r  y i e l d  o f  i n d iu m  p h o s p h a t e  was o b t a i n e d  by  
a d d i t i o n  o f  more sod ium  h y d r o x i d e  s o l u t i o n  a t  t h i s  p o i n t  u n t i l  
t h e  s o l u t i o n  was n e u t r a l  t o  m e t h y l  o r a n g e .  T h i s  f r e s h  p r e c i p ­
i t a t e  w h ic h  fo rm ed  became g r a n u l a r  when i t  h a d  b e e n  h e a t e d  
f o r  a  f u r t h e r  6 h o u r s .  I t  was f o u n d  t h a t  i f  a l l  t h e  sod ium  
h y d r o x i d e  was a d d e d  a t  t h e  b e g i n n i n g  o f  t h e  p r e p a r a t i o n ,  t h e  
p r e c i p i t a t e  c o u l d  o n l y  be  made t o  g r a n u l a t e  w i t h  d i f f i c u l t y ,  
( e . g .  a f t e r  10  d a y ' s  h e a t i n g ) .
The s u p e r n a t a n t  l i q u i d  was syp h o n e d  o f f  and  r e p l a c e d  
w i t h  a  s o l u t i o n  o f  1 m l .  o f  p h o s p h o r i c  a c i d  i n  500  m l .  o f  
w a t e r .  The f l a s k  was r e p l a c e d  on t h e  s t e a m - b a t h  an d  h e a t i n g  
c o n t i n u e d  f o r  a  f u r t h e r  6 h o u r s .  A f t e r  two f u r t h e r  t r e a t m e n t s  
w i t h  w a t e r ,  t h e  i n d iu m  p h o s p h a t e  was f i l t e r e d ,  and  w ashed  
w i t h  b o i l i n g  w a t e r .  T h i s  t r e a t m e n t  y i e l d e d  a  p u r e  w h i t e  s o l i d  
w h ic h  was f r e e  f ro m  sod ium  i o n  a s  shown by  t h e  f l a m e  t e s t .
When t h i s  s o l i d  h a d  b e e n  a l l o w e d  t o  d r y  i n  t h e  a i r  a t  
35 -  40°C. f o r  s e v e r a l  d a y s ,  i t  was a n a l y s e d ,  an d  t h e  r e s u l t s  
o b t a i n e d  c o r r e s p o n d e d  t o  t h o s e  f o r  a  p a r t i a l l y  h y d r a t e d  
t e r t i a r y  i n d iu m  p h o s p h a t e .  S p e c im en  a n a l y s e s  a r e  g i v e n  i n  
T a b l e  29*
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The e t h y l e n e  d i a m in e  t e t r a a c e t i c  a c i d  ( E .D .T .A .  ) 
w h ic h  was u s e d  i n  t h e  a n a l y s i s  o f  in d iu m  was p r e p a r e d  p u r e  
f rom  t h e  c o m m e r c i a l l y  a v a i l a b l e  m a t e r i a l  by  t h e  m e th o d  o f  
T e i c h e r  a n d  Gordon ( 3 7 ) .  A l c o h o l  was a d d e d  t o  a  n e a r l y  
s a t u r a t e d  s o l u t i o n  o f  t h e  E .D .T .A .  i n  w a t e r  (1 0  gm./ lOO m l.  
o f  w a t e r )  u n t i l  a  p e r m a n e n t  p r e c i p i t a t e  j u s t  r e m a i n e d ;  t h e  
s o l u t i o n  was f i l t e r e d  an d  a n  e q u a l  vo lum e o f  a l c o h o l  was 
a d d e d .  W h e n . i t  h a d  b e e n  a l l o w e d  t o  s t a n d  f o r  s e v e r a l  h o u r s ,  
t h e  p r e c i p i t a t e d  E .D .T .A .  was f i l t e r e d  an d  w a sh e d ,  f i r s t  
w i t h  a c e t o n e  and  t h e n  w i t h  e t h e r .  The s o l i d  was d r i e d  i n  t h e  
a i r  f o r  24 h o u r s ,  h e a t e d  f o r  4 d a y s  a t  8 0 ° C . ,  an d  t h e n  s t o r e d  
i n  a  d e s s i c a t o r .  E. D. T. A. . i thus  ^ o b t a i n e d  was shown t o  b e  t h e  d i ­
h y d r a t e .  I t  was s u f f i c i e n t l y  p u r e  t o  b e  t r e a t e d  a s  a  p r i m a r y  
s t a n d a r d  a s  was shown by  c r o s s - c h e c k  w i t h  s t a n d a r d  z i n c  
s u l p h a t e  s o l u t i o n  p r e p a r e d  f ro m  p u r e  z i n c .
The s o l u t i o n s  o f  E .D .T .A .  w e re  p r e p a r e d  by d i s s o l v i n g  
a  known amount  o f  t h e  p u r e  s a l t  i n  a  known vo lume o f  w a t e r .  
S o l u t i o n s  p r e p a r e d  t h u s  w ere  s t a b l e  f o r  3 - 4  w e e k s ,  b u t  a f t e r  
t h i s  p e r i o d  t h e y  w e re  r e j e c t e d  a s  a  g r o w th  t h e n  a p p e a r e d  i n  
t h e  l i q u i d ,  a l t h o u g h  t h e  s t r e n g t h  o f  t h e  s o l u t i o n s  a p p e a r e d  
t o  b e  u n a l t e r e d .
The z i n c  s u l p h a t e  s o l u t i o n s  u s e d  w ere  p r e p a r e d  f rom  
11 A n a l a r "  z i n c  s u l p h a t e ;  t h e  s a l t  was a p p r o x i m a t e l y  w e ig h e d  
o u t ,  a n d  t h e n  t h e  s o l u t i o n  was s t a n d a r d i s e d  by  t i t r a t i o n  
w i t h  E .D .T .A .
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( i i i ) .  T e c h n iq u e .
I n  t h e  p h a s e - d i a g r a m  s t u d i e s  a t  25° and  a t  70°G, t h e  
i n d iu m  p h o s p h a t e  was a d d e d  p o r t i o n - w i s e  o v e r  a  p e r i o d  o f  2-3  
w eeks  t o  p h o s p h o r i c  a c i d  s o l u t i o n s  o f  v a r i o u s  s t r e n g t h s ;  t h e  
s u s p e n s i o n s  w ere  s t i r r e d  d a i l y  w i t h  f u r t h e r  a d d i t i o n  o f  
i n d iu m  p h o s p h a t e  u n t i l  a  s u i t a b l e  amount  o f  s o l i d  r e m a in e d  
p e r m a n e n t l y  u n d i s s o l v e d .  A t  t h i s  p o i n t ,  t h e  n a t u r e  o f  t h e  
s o l i d  p h a s e  i n  m o s t  c a s e s  a p p e a r e d  t o  c h a n g e ,  t h e  r e s i d u a l  
s o l i d  d i s s o l v i n g  a n d  a  new s o l i d  c r y s t a l l i z i n g  o u t  o v e r  a  
p e r i o d  o f  s e v e r a l  d a y s .  The s u s p e n s i o n s  w ere  t h e n  s t i r r e d  
d a i l y  u n t i l  no f u r t h e r  c h a n g e  was a p p a r e n t .
T h e r e a f t e r ,  i n  an y  s e t  o f  s i x  e x p e r i m e n t s ,  t h e  c o n ­
t e n t s  o f  t h r e e  t u b e s  w ere  s t i r r e d  r e g u l a r l y  f o r  3 w e e k s , a n d  
t h r e e  f o r  6 w e ek s .  The s o l i d  i n  e a c h  s e t  o f  t h r e e  e x p e r i m e n t s  
was t h e n  a l l o w e d  t o  s e t t l e  f o r  10  d a y s  b e f o r e  t h e  s o l u t i o n s  
an d  w e t  s o l i d s  w e re  a n a l y s e d .  When t h e  r e s u l t s  t h u s  o b t a i n e d  
y i e l d e d  a  sm ooth  s o l u b i l i t y  i s o t h e r m ,  a s  p r o v e d  t o  be  t h e  
c a s e ,  t h i s  was t a k e n  a s  a  c r i t e r i o n  t h a t  e q u i l i b r i u m  h a d  
b e e n  r e a c h e d .
To i d e n t i f y  t h e  s t a b l e  s o l i d  p h a s e s  t h e  " w e t - r e s i d u e ” 
m e th o d  o f  S c h r e i n e m a k e r s  ( 3 8 ) was u s e d .  The s o l i d  was f r e e d  
f rom  t h e  s o l u t i o n  a s  c o m p l e t e l y  a s  p o s s i b l e  by  f i l t r a t i o n  
u n d e r  s u c t i o n  t h r o u g h  a  s i n t e r e d - g l a s s  c r u c i b l e  ( g r a d e  4 
p o r o s i t y ) .  W eighed s a m p le s  o f  t h e  s o l u t i o n  a n d  o f  t h e  w e t  
s o l i d  w e re  s e p a r a t e l y  d i s s o l v e d  i n  50 m l .  p o r t i o n s  o f  d i l u t e  
( 2M.) n i t r i c  a c i d .  The s o l u t i o n s  t h u s  o b t a i n e d  w ere  t h e n
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d i l u t e d  t o  known v o l u m e s ,  an d  t h e  in d iu m  and  p h o s p h a t e  
p r e s e n t  i n  a l i q u o t  p o r t i o n s  w e re  d e t e r m i n e d  a s  d e s c r i b e d  
b e lo w .
( i v ) .  A n a l y s i s .
The s o l u t i o n s  w h ic h  w ere  o b t a i n e d  a s  d e s c r i b e d  a b o v e  
w e re  a n a l y s e d  i n  t h e  f o l l o w i n g  m an n e r .
P h o s p h a t e  d e t e r m i n a t i o n s  w ere  c a r r i e d  o u t  a c c o r d i n g  
t o  t h e  p r o c e d u r e  g i v e n  i n  P a r t  I I  ( c ) ,  ,
I n d iu m ,  h o w e v e r ,  c o u l d  n o t  be  d e t e r m i n e d  by  a  m ethod  
s i m i l a r  t o  t h a t  u s e d  f o r  a lu m i n iu m ,  s i n c e  a t  t h e  c o r r e c t  pH 
f o r  t h e  p r e c i p i t a t i o n  o f  i n d iu m  w i t h  " o x i n e "  r e a g e n t ,  i n d iu m  
p h o s p h a t e  was a l s o  p r e c i p i t a t e d .  T h i s  d i f f i c u l t y  c o u l d  n o t  be  
overcom e I n  t h e  same way a s  h a d  b e e n  u s e d  i n  t h e  c a s e  o f  
a lu m in iu m  ( i . e .  m a k in g  t h e  s o l u t i o n  j u s t  a l k a l i n e  w i t h  sod ium  
h y d r o x i d e ,  f o l l o w e d  by p r e c i p i t a t i o n  a s  t h e  o x i n a t e  on 
a d d i t i o n  o f  ammonium a c e t a t e )  s i n c e  a  sod ium  i n d a t e  i s  n o t  
fo rm e d  ( c . f .  sod ium  a l u m i n a t e )  a n d  i n d iu m  h y d r o x i d e  i s  p r e ­
c i p i t a t e d  i n s t e a d .
An a l t e r n a t i v e  m e tho d  h a d  t o  be  fo u n d  an d  a  v o l u m e t r i c  
p r o c e d u r e ,  u s i n g  t h e  d i s o d i u m  s a l t  o f  e t h y l e n e  d i a m in e  t e t r a -  
a c e t i c  a c i d  ( E . D . T . A . ) ,  d e s c r i b e d  by  F l a s c h k a  an d  Amin ( 3 9 )  
was i n v e s t i g a t e d .  H ow ever ,  e v e n  i n  t h e  a b s e n c e  o f  p h o s p h a t e ,  
t h e  a c c u r a c y  o f  t h e  m eth o d  was n o t  good ,  an d  when p h o s p h a t e  
was p r e s e n t  t h e  e n d - p o i n t  o f  t h e  t i t r a t i o n  c o u l d  n o t  be  
d e t e c t e d .  An a d a p t a t i o n  o f  t h i s  m ethod  was d e v i s e d ,  w h ic h  
gav e  v e r y  s a t i s f a c t o r y  r e s u l t s ;  t h e  same r e a g e n t  and
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i n d i c a t o r  w e re  u s e d  a s  i n  t h e  o r i g i n a l  m e th o d .
An a l i q u o t  o f  t h e  a c i d  s o l u t i o n  f o r  a n a l y s i s  was 
p i p e t t e d  i n t o  a  c o n i c a l  f l a s k ,  a n d  a  known e x c e s s  o f  s t a n d a r d  
E .D .T .A .  was a d d e d .  The pH o f  t h e  s o l u t i o n  was a d j u s t e d  t o  
1 0 .0  -  1 0 .5  w i t h  d i l u t e  ammonium h y d r o x i d e  s o l u t i o n  a d d e d  
d r o p w i s e ,  and  s u f f i c i e n t  i n d i c a t o r  ( a  0 . 1$  a q u e o u s  s o l u t i o n  
o f  E r io c h r o m e  B l a c k  T, f r e s h l y  p r e p a r e d ) ,  was a d d ed  t o  g i v e  
a  d i s t i n c t  l i g h t  "blue c o l o u r  t o  t h e  s o l u t i o n .  The e x c e s s  
E . D . T . A . , a b o v e  t h a t  r e q u i r e d  t o  fo rm  a  com plex  w i t h  t h e  
in d iu m  p r e s e n t ,  was d e t e r m i n e d  by b a c k - t i t r a t i o n  w i t h  s t a n d a r d  
z i n c  s o l u t i o n ,  t h e  e n d - p o i n t  was i n d i c a t e d  by  a  s h a r p  ch an g e  
f ro m  a  g r e y - b l u e  t o  a  b r i g h t  p i n k .
(1  m l .  o f  0 .01M. E .D .T .A .  — 1 . 1 4 7 6  m.gm. o f  i n d i u m . )
PL FITE
fl. i » so3: z p 1os II H,0
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I I I  (d) Phase-diagram Studies  at  25°C.
A s t u d y  o f  t h e  s y s t e m  in d iu m  o x i d e  -  p h o s p h o r i c  o x i d e  
-  w a t e r  a t  25°C. f o r  a  r a n g e  o f  s o l u t i o n s  c o n t a i n i n g  up  t o  
621° o f  p h o s p h o r i c  o x i d e  ( f i g .  11 and  T a b le  30)  h a s  i n d i c a t e d  
t h e  f o l l o w i n g  a s  s t a b l e  s o l i d  p h a s e s ;
A. In^O^ : PPgO^ ; HHgO w h i t e  i r r e g u l a r  m i c r o c r y s t a l s
B. In^O^ : 3P 2O5 • THgO r koKibohedral  p l a t e s
The p r i m a r y - s e c o n d a r y  ( 1 ; 2 )  s a l t  c o u l d  n o t  b e  fo rm u ­
l a t e d  e x a c t l y  w i t h  r e s p e c t  t o  i t s  p r e c i s e  d e g r e e  o f  h y d r a t i o n  
by  a  s t u d y  o f  t h e  t i e - l i n e s ?  t h e  f o r m u l a  l n 20 ^ ; 2P 20 ^ j l lH gO  
( in (H PO ^)  ( I ^ P O ^ ) . was d e c i d e d  on t h e  b a s i s  o f  a n  e xam in ­
a t i o n  o f  t h e  p h a s e - d i a g r a m  i n  c o n j u n c t i o n  w i t h  t h e  r e s u l t s  o f  
e x p e r i m e n t s  i n  w h ic h  t h e  washed  compound was d r i e d  a t  v a r i o u s  
t e m p e r a t u r e s .  Thus t h e  l o s s  o f  w e i g h t  on i g n i t i o n  o f  a  w ashed  
a n d  a i r - d r i e d  sa m p le  a t  d u l l  r e d  h e a t  c o r r e s p o n d e d  t o  t h a t  
c a l c u l a t e d  f o r  t h e  l o s s  o f  11 m o l e c u l e s  o f  w a t e r ,  w h i l s t  t h e  
l o s s  on  h e a t i n g  t o  110°C.  c o r r e s p o n d e d  t o  t h e  f o r m a t i o n  o f  t h e  
m o n o h y d r a t e  o f  t h e  p r i m a r y - s e c o n d a r y  s a l t  ( 7 ^ 0  l o s t ) .  The 
f u l l y  h y d r a t e d  compound was f o u n d  t o  c r y s t a l l i z e  i n  t h e  fo rm  
o f  w h i t e  i r r e g u l a r  m i c r o c r y s t a l s ,  w h ic h  w ere  b e tw e e n  1 a n d  2j*  
i n  s i z e .
The p r i m a r y  s a l t  c r y s t a l l i z e d  i n  s m a l l  r h o m b o h e d r a l  
p l a t e s  w i t h  b e v e l l e d  edg es?  t h e  f o r m u l a  1 ^ 0  ^  s ^-^2^5 : ^ 2^
(  In (H P O ^ )^ .2 H 20 ^  was d e c i d e d  on t h e  b a s i s  o f  a n  e x a m i n a t i o n
FIG. 11
2.0
30
3.0
2-0 Pt 0 .
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o f  t h e  t i e - l i n e s  o n l y ,  s i n c e  t h e  s o l i d  c o u l d  n o t  be  w ashed  
a n d  d r i e d ,  a s  i n  c o n t a c t  w i t h  w a t e r  and  i t s  m o th e r  l i q u o r  i t  
i m m e d i a t e l y  b e g a n  t o  d i s s o l v e .
N e i t h e r  t h e  p r i m a r y - s e c o n d a r y  ( 1 : 2 )  s a l t  n o r  t h e  
p r i m a r y  ( 1 : 3 ) s a l t  h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y .
Some e v i d e n c e  was o b t a i n e d  f o r  t h e  e x i s t e n c e  o f  a  
m e t a - s t a b l e  s a l t  i n  t h e  r a n g e  49 -  53$  o f  p h o s p h o r i c  o x i d e .
I n  t h i s  r e g i o n ,  i n d iu m  o x i d e  h a d  a  v e r y  h i g h  s o l u b i l i t y  an d  
c o r r e s p o n d i n g l y  t h e  s o l u t i o n s  w ere  v e r y  v i s c o u s ,  t h u s  t h e  
s e p a r a t i o n  o f  t h e  m o i s t  s o l i d  f rom  t h e  l i q u i d  was more 
d i f f i c u l t  and  t h e  r e s u l t i n g  t i e - l i n e s  w ere  c o n s e q u e n t l y  l e s s  
a c c u r a t e .
The r e s u l t  o f  one  e x p e r i m e n t  a t  v e r y  low  p h o s p h o r i c  
o x i d e  c o n c e n t r a t i o n  gave  a n  i n d i c a t i o n  t h a t  o v e r  a  v e r y  
n a r r o w  r a n g e  (up  t o  4$  *n  s o l u ^ i o n ) » a  t e r t i a r y  s a l t
Cfe In^O^ : -^2^5 : ^HgO (InPO^.SHgO) m ig h t  be  a  s t a b l e  p h a s e .  
However ,  when two s a t u r a t e d  s o l u t i o n s  i n  t h e  r e g i o n  o f  40$ 
o f  p h o s p h o r i c  o x i d e  w e re  d i l u t e d  w i t h  w a t e r  i n  t h e  p r o p o r t i o n  
1 : 50 0 ,  t h e  s o l i d  w h ic h  was p r e c i p i t a t e d  f rom  t h e  s o l u t i o n s  
a t  25° 0 . r e m a i n e d  f l o c c u l e n t ;  e v e n  a f t e r  c o n s t a n t  s t i r r i n g  
f o r  3 m o n th s ,  t h e  a n a l y s i s  o f  t h i s  s o l i d  c o r r e s p o n d e d  t o  t h a t  
o f  t h e  1 : 2  s a l t .  T h e r e f o r e ,  i t  was c o n s i d e r e d  l i k e l y  t h a t  i n  
t h e  one  e x p e r i m e n t  i n  w h ic h  t h e  t e r t i a r y  p h o s p h a t e  was 
i n d i c a t e d ,  e q u i l i b r i u m  h a d  n o t  b e e n  r e a c h e d ,  an d  h a d  s u f f i c ­
i e n t  t i m e  e l a p s e d  t h e  t e r t i a r y  s a l t  ( s t a r t i n g  m a t e r i a l )  w ou ld  
p r o b a b l y  h a v e  c h a n g e d  o v e r  t o  t h e  1 : 2  s a l t  i n  t h e  m os t  d i l u t e  
s o l u t i o n  a s  i t  d i d  i n  t h e  o t h e r  c a s e s .
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I I I  (e )  Phase-diagram Studies  a t  70°C.
A s t u d y  o f  t h e  s y s te m  in d iu m  o x i d e  -  p h o s p h o r i c  o x i d e -  
w a t e r  f o r  s o l u t i o n s  c o n t a i n i n g  up  t o  10$  o f  p h o s p h o r i c  o x i d e  
( f i g .  12  a n d  T a b l e  31)  h a s  i n d i c a t e d  t h e  f o l l o w i n g  a s  a 
s t a b l e  s o l i d  p h a s e :
C, l n 20^ : P 20^ : 4H20 w h i t e  m i c r o c r y s t a l l i n e  powder
The d e g r e e  o f  h y d r a t i o n  o f  t h e  t e r t i a r y  s a l t  c o u l d  n o t  
b e  d e c i d e d  w i t h  c e r t a i n i t y  f ro m  c o n s i d e r a t i o n  o f  t h e  t i e - l i n e s .  
H ow ever ,  i n  c o n j u n c t i o n  w i t h  r e s u l t s  o f  e x p e r i m e n t s  i n  w h ic h  
t h e  w a sh e d  s o l i d  was d r i e d  a t  v a r i o u s  t e m p e r a t u r e s ,  t h e  s o l i d  
was shown t o  be  I&2^3 : ^2^5 : ^ 2 ^  (^hPO^.2H20 ) . As s u c h  i t  
h a s  n o t  b e e n  d e s c r i b e d  b e f o r e ,  a l t h o u g h  i n d iu m  t e r t i a r y  p h o s ­
p h a t e  h a s  b e e n  r e p o r t e d  ( 3 4 )  a s  a f t e r  h e a t i n g  a t  800°C.
How ever ,  i t  c o r r e s p o n d s  t o  t h e  i n d iu m  p h o s p h a t e  u s e d  a s  s t a r t ­
i n g  m a t e r i a l  i n  t h e s e  s t u d i e s .  I n  t h i s  w o rk ,  some o f  t h e  
e x p e r i m e n t a l  p o i n t s  w e re  o b t a i n e d  f o r  s o l u t i o n s  an d  c o r r e s ­
p o n d i n g  s o l i d s  p r e p a r e d  by  d i l u t i o n  o f  more c o n c e n t r a t e d  
s o l u t i o n s *
FIE-. 11. 
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( j )  T a b u l a r  R e s u l t s  f o r  P a r t  I I I *
TABLE 29.
Spec im en  A n a l y s e s  o f  Ind ium  P h o s p h a t e .
ANALYTICAL RESULTS THEORETICAL
I 1 1 C
l n 20 3 5 6 .5 1 5 6 .4 7 5 6 .4 7
P 2° 5 2 8 .9 7 28 .7 5 2 8 .8 9
h 2o 1 4 . 5 2 * 1 4 . 7 8 1 4 .6 4
Ly d i f f e r e n c e
C = I n 20 ,  : P 20 5 : 4H20.
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TABLE 30.
Sys tem  In^O^ : 25°C. S t a b l e  E q u i l i b r i u m
S o l u t i o n s
r ......................... ......—'—................
M o i s t  S o l i d s
l n 20 . P 2°5 l n 20n P 2°5 Type
1° * 1° 1*
0 . 1 0 2 . 4 6 4 1 .6 4 22 .6 5 C
0 . 3 8 4 .8 3 2 0 .7 2 2 3 .1 8
0 . 6 2 8 . 4 6 2 3 .5 4 2 7 . 2 4
0 . 7 3 1 1 . 4 6 2 7 .8 6 3 0 . 9 5
1 . 0 1 1 5 . 4 2 3 1 .6 3 3 4 . 3 2
1 . 1 7 1 7 .9 9 2 8 .5 4 3 3 .9 8
1 . 8 1 2 2 .4 4 2 9 .6 5 3 4 . 1 7
2 . 0 6 2 6 .7 6 2 8 .2 1 3 4 .0 9
2 , 8 0 3 0 . 9 6 2 7 .9 4 3 6 .2 8
3 . 1 6 3 2 .6 9 2 7 .6 8 ' 3 7 . 5 0 >A
3 . 6 1 3 6 .1 1 2 7 .6 2 3 7 . 5 0
4 . 4 6 3 9 .5 1 2 7 .9 4 3 8 . 1 0
5 .0 3 4 0 .2 5 2 8 .5 7 3 8 .9 8
5 . 7 4 4 0 .8 9 2 7 .5 4 3 9 .2 9
6 .3 5 4 2 .8 5 2 6 .1 1 4 0 .0 4
7 . 4 2 4 4 .6 1 2 7 .3 2 4 0 .5 0
9 . 7 3 4 6 . 5 1 2 4 .9 7 4 2 .1 0
1 1 . 5 7 4 8 . 1 8 2 6 .0 3 4 2 .5 2
1 3 . 1 9 4 9 .8 8 _ ..
1 5 . 5 1 50. 29 25 .5 3 4 8 .8 7
1 4 . 2 0 5 1 .7 3 2 4 .9 2 4 9 .9 8
1 1 . 6 9 5 4 - 3 6 - —
8 . 9 7 5 6 . 1 2 2 0 .7 2 5 3 .6 7 I
8 . 2 9 5 6 .7 6 2 8 .7 0 5 2 .0 7 V B6 .3 5  , 5 9 .6 1 1 9 . 4 9 5 5 .7 3 1
4 . 9 3  * 6 1 .3 2 2 1 .2 0 5 5 .8 6 J
Where A ~ l n 20 ^ : 2P2° 5 : HHgO
B = l n 20^ s 3P2° 5 ! 7H20
C r l n 20 ^ : P 2°5 : 4HgO
TABLE 31.
Sy s tem  In^O^ : * H^0 a "k 7 0 ° 0 ,  S t a b l e  E q u i l i b r i u m
S o l u t i o n s
...... -......— ................ .....................................,,
M o is t  S o l i d s
I n 2°3 P 2°5 In^O^ P 2°5 Type
1° 1°
0 . 1 0 0 .4 5 1 6 . 5 9 8 .7 5
0 . 1 7 0 .9 9 3 5 .6 9 1 9 . 8 1
0 . 2 1 2 .8 0 20 .9 3 1 2 .5 3
0 . 2 5 6 .1 1 4 0 .4 8 2 2 .9 1
0 . 4 2 8 . 3 1 4 6 .8 3 2 5 .9 7
0 . 6 1 1 0 .9 1 4 1 . 1 1 2 5 .2 0 Jr
Where G =  I n ^ O ^ : ^ 2^ 5 s ^HgO
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IV ( a )  H i s t o r i c a l  I n t r o d u c t i o n ,
I n  c o m p a r i s o n  w i t h  t h o s e  o f  a lu m in iu m ,  t h e  c o m p le x e s  
o f  i n d iu m  h av e  r e c e i v e d  f a r  l e s s  a t t e n t i o n .  U n t i l  1 9 2 4 ,  t h e  
c h e m i s t r y  o f  i n d iu m  a s  d e s c r i b e d  by  M e l l o r  ( 4 0 )  was l i m i t e d  
t o  a  k n o w le d g e  o f  t h e  p r e p a r a t i o n  an d  p r o p e r t i e s  o f  t h e  more 
common compounds s u c h  a s  t h e  h a l i d e s  a n d  s u l p h a t e s .  H ow ever ,  
Meyer ( 4 1 )  d e s c r i b e d  t h e  f o r m a t i o n  o f  ammonium c h l o r o i n d a t e  
(N H ^ In C l^ ) ,  w h ic h  i s  o f  i n t e r e s t  i n  t h e  l i g h t  o f  r e c e n t  
s t u d i e s  i n  w h ic h  t h e  o c c u r r e n c e  o f  t h e  l InCX4] i o n  h a s  b e e n  
d i s c u s s e d .
W i t h i n  r e c e n t  y e a r s ,  i n d iu m  h a l i d e  c o m p le x e s  h a v e  
b e e n  t h e  s u b j e c t  o f  s t u d i e s  by s e v e r a l  g r o u p s  o f  w o r k e r s .  I n  
1 9 5 1 ^ S c h u f l e ,  S t u b b s  a n d  W i tm a n ‘( 4 2 )  f rom  p o l a r o g r a p h i c  
s t u d i e s  o f  i n d iu m  c h l o r i d e ,  p o s t u l a t e d  t h e  e x i s t e n c e  o f  
[ i n C l^ j  and  J lnC l^ j  c o m p le x e s  u n d e r  c e r t a i n  c o n d i t i o n s .  
They showed t h e  f o r m e r  com plex  t o  be  s t a b l e  o n l y  i n  s o l u t i o n s  
w h ic h  h a d  a  h i g h  c h l o r i d e  i o n  c o n c e n t r a t i o n .  F u r t h e r  p o l a r o ­
g r a p h i c  i n v e s t i g a t i o n s  w ere  c a r r i e d  o u t  by C o z z i  an d  V i v a r e l l i  
( 4 3 )*  w h ic h  t h e y  o b t a i n e d  e v i d e n c e  f o r  t h e  o c c u r r e n c e  
o f  J i n  XrJ an(  ^ p r o b a b l y  j l r x j  ^"*which t h e y  f o r m u l a t e d  a s  
J ln tH gO j^xJJ  a n d  jlntHgCO^xj ^  w h e re  X - H a l i d e ,  Sunden (4 4 )*  
h a s  c a l c u l a t e d  t h e  c o m p l e x i t y  c o n s t a n t s  o f  t h e  i n d iu m  i o n  
w i t h  v a r i o u s  a n i o n s  a s  h a l i d e ,  s u l p h a t e  and  t h o s e  o f  o r g a n i c  
a c i d s ,  a n d  h a s  shown them  t o  be  i n  t h e  o r d e r  o f  i n c r e a s i n g  
c o m p l e x i t y  I  < SO^ < Br < Cl < CNS < F o rm a te  < g l y c o l l a t e <  
a c e t a t e p r o p i o n a t e < F . A l t h o u g h  h e  fo u n d  t h e  com plex
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f o r m a t i o n  t o  be  m a r k e d ,  i t  was n o t  s u f f i c i e n t  t o  mask t h e  
p r e c i p i t a t i o n  o f  In (O H )^ .
A n io n - e x c h a n g e  s t u d i e s  by  K r a u s ,  N e l s o n  and  S m i th  ( 4 5 ) ,
on  t h e  s o r p t i o n  o f  in d iu m  f rom  h y d r o c h l o r i c  a c i d  s o l u t i o n s ,  
showed some s o r p t i o n  f ro m  s o l u t i o n s  b e tw e e n  0.5M. an d  12M. 
i n  h y d r o c h l o r i c  a c i d  a n d ,  a l t h o u g h  no d e f i n i t e  i o n  o r  i o n s  
w e re  p o s t u l a t e d ,  t h e s e  r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h o s e  o f  
S c h u f l e ,  S tu b b s  a n d  Witman m e n t i o n e d  a b o v e .  S c h u f l e  a n d  
E ' i l a n d  ( 4 6 ) ,  h a v e  i n v e s t i g a t e d  i n d iu m  c h l o r i d e  s o l u t i o n s  by 
t h e  u s e  o f  t h e  c a t i o n - e x c h a n g e r  A m b e r l i t e  IR 1 2 0 ,  an d  t h e y  
showed t h a t  i n  0 .05M. s o l u t i o n s  o f  in d iu m  c h l o r i d e  t h e  
J lnCl)^*^ com plex  p r e d o m i n a t e s ,  w h i l e  i n  0.16M. s o l u t i o n s  t h e
r a t h e r  l e s s  a t t e n t i o n .  The f o r m a t i o n  o f  c e r t a i n  a l k a l i  i n d iu m  
a lu m s  i s  o f  i n t e r e s t  ( e . g .  (N H ^^ S O ^ .  s 0 ^ ) ^ . 24H20 a n a l a g o u s
t o  ammonium a lum  was f i r s t  d e s c r i b e d  by  R o s s l e r  ( 4 7 ) , ) .
H a t t o x  a n d  De V r i e s  ( 4 8 ) ,  i n  a t t e m p t s  t o  d e t e r m i n e  t h e  
c o m p o s i t i o n  o f  t h e  h y d r o l y s i s  p r o d u c t s  and  t h e  e q u i l i b r i u m  
c o n s t a n t  f o r  t h e  r e a c t i o n  b e t w e e n  t h e  in d iu m  i o n  ( I n  ) an d  
w a t e r .  S i m i l a r  s t u d i e s  w ere  made l a t e r  by  M o e l l e r  ( 4 9 )  on  
p u r i f i e d  i n d iu m  h a l i d e  s o l u t i o n s .  The e q u i l i b r i u m
was a ssu m e d  b u t  t h e  c a l c u l a t e d  c o n s t a n t  v a r i e d  c o n s i d e r a b l y  
w i t h  c o n c e n t r a t i o n .  B ie d e rm a n n  ( 5 0 )  h a s  s t u d i e d  t h e  h y d r o l y s i s
j ln C l^J"^  com plex  o c c u r s  
The compounds o f  i n d iu m  w i t h  o x y - a c i d s  h a v e  r e c e i v e d
The pH o f  i n d iu m  s u l p h a t e  s o l u t i o n s  was m e a s u r e d  by
H
o f  t h e  In ^  i o n  f n  s o l u t i o n s  c o n t a i n i n g  p e r c h l o r a t e  by
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p o t e n t i o m e t r i c  t i t r a t i o n  m e t h o d s .  P e r c h l o r a t e  was c h o s e n  t o  
a v o i d  t h e  p r e s e n c e  o f  a  c o m p le x in g  i o n .
The o n l y  l i t e r a t u r e  p u b l i s h e d  r e l a t i n g  t o  i n d iu m  
p h o s p h a t e  i s  two p a p e r s  d e s c r i b i n g  p r e p a r a t i o n s  o f  some 
i n d iu m  p h o s p h a t e s ,  t h e  f i r s t  by  W in k l e r  ( 5 1 ) ,  t h e  s e c o n d ,  
more r e c e n t l y  by  E n s s l i n ,  D r e y e r  an d  Lessmann ( 5 2 ) .  No 
m e n t i o n  was made i n  e i t h e r  o f  t h e s e  o f  a n y  com plex  f o r m a t i o n .
R e c e n t l y  H o l r o y d  an d  Salmon ( 5 3 )  h a v e  p u b l i s h e d  
r e s u l t s  o f  t h e  p H - t i t r a t i o n  o f  in d iu m  s u l p h a t e  w i t h  p h o s p h o r i c  
a c i d  a n d  o f  q u a l i t a t i v e  i o n - e x c h a n g e  s t u d i e s  o f  s o l u t i o n s  o f  
i n d iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d .  T h e i r  r e s u l t s  showed t h e  
p r e s e n c e  o f  a n i o n i c  i n d iu m  p h o s p h a t e  c o m p le x e s .
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IV ( b )  Scope o f  t h e  Work.
( i )  V a r i o u s  s t u d i e s  w ere  made t o  d e t e r m i n e  t h e  n a t u r e ,  
number  and  t y p e s  o f  c o m p le x e s  p r e s e n t  i n  s o l u t i o n s  c o n t a i n i n g  
in d iu m  an d  p h o s p h a t e ,  and  ( s o m e t i m e s )  o t h e r  i o n s .
F o r  t h i s  p u r p o s e ,  i n d iu m  s a l t  s o l u t i o n s  w ere  t i t r a t e d  
w i t h  p h o s p h o r i c  a c i d  s o l u t i o n s  an d  t h e  pH was r e c o r d e d  
t h r o u g h o u t  t h e  t i t r a t i o n s .  I o n - e x c h a n g e  s t u d i e s  were  made 
on s o l u t i o n s  s i m i l a r  t o  t h e  above  and  on s o l u t i o n s  o f  in d iu m  
p h o s p h a t e  i n  p h o s p h o r i c  a c i d .
( i i )  The i n f l u e n c e  o f  t h e  pH o f  p h o s p h o r i c  and  o t h e r  a c i d s  
u p on  t h e  r e m o v a l  o f  i n d iu m  f rom  t h e  c a t i o n - e x c h a n g e  r e s i n  i n  
t h e  i n d iu m  fo rm  was s t u d i e d .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  
g a v e  a n  i n d i c a t i o n  o f  t h e  r e l a t i v e  d e g r e e s  o f  com plex  f o r m ­
a t i o n  b e t w e e n  t h e  v a r i o u s  a n i o n s  an d  t h e  in d iu m  c a t i o n .
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IV ( c )  E x p e r i m e n t a l .
( i ) A p p a r a t u s .
The a p p a r a t u s  u s e d  i n  t h e  e x p e r i m e n t s  o f  w h ic h  t h e  
r e s u l t s  a r e  d e s c r i b e d  i n  P a r t  IV ( d )  e t c ,  was e x a c t l y  t h e  
same a s  t h a t  d e s c r i b e d  i n  P a r t  I I  ( c ) ( i ) .  The m e th o d s  o f  
c l e a n i n g  t h i s  a p p a r a t u s  w ere  a l s o  t h e  same a s  t h o s e  d e s c r i b e d  
p r e v i o u s l y .
( i i )  P r e p a r a t i o n  o f  S o l u t i o n s  a n d  M a t e r i a l s .
The in d iu m  c h l o r i d e  s o l u t i o n s  u s e d  i n  t h e  pH- 
t i t r a t i o n s  and  t h e  i o n - e x c h a n g e  e x p e r i m e n t s  w ere  p r e p a r e d  
f ro m  p u r e  i n d iu m  m e t a l .  An a p p r o x i m a t e l y  w e ig h e d  amount  o f  
i n d iu m  was d i s s o l v e d  i n  a  s l i g h t  e x c e s s  o f  6 M . h y d r o c h l o r i c  
a c i d ,  a n d  t h e  r e s u l t i n g  s o l u t i o n  was e v a p o r a t e d  c a r e f u l l y
a l m o s t  t o  d r y n e s s  t o  remove a n y  r e s i d u a l  f r e e  h y d r o c h l o r i c
<;0
a c i d .  The c r y s t a l s  o f  i n d iu m  c h l o r i d e  t h u s  o b t a i n e d  w ere  
d i s s o l v e d  i n  w a t e r ,  t h e  s o l u t i o n  was d i l u t e d  t o  a  known 
volume a n d  t h e n  s t a n d a r d i s e d .
The i n d iu m  n i t r a t e  s o l u t i o n  was p r e p a r e d  by  t h e  same 
m eth od  a s  was u s e d  i n  t h e  p r e p a r a t i o n  o f  i n d iu m  c h l o r i d e ,  t h e  
o n l y  d i f f e r e n c e  was t h e  u s e  o f  n i t r i c  a c i d ,  i n  p l a c e  o f  h y d r o ­
c h l o r i c  a c i d .
The p h o s p h o r i c  a c i d  s o l u t i o n s  f o r  t h e  p H - t i t r a t i o n s  
a n d  t h e  i o n - e x c h a n g e  e x p e r i m e n t s  w e re  p r e p a r e d  a s  i n  
P a r t  I I  ( c )  ( i i ) .
The s o l u t i o n s  o f  p h o s p h o r i c  an d  o t h e r  a c i d s  w h ic h  
w ere  u s e d  i n  t h e  i o n - e x c h a n g e  s t u d i e s  w i t h  t h e  i n d iu m  fo rm  
o f  t h e  c a t i o n - e x c h a n g e r  w ere  a l s o  p r e p a r e d  an d  s t a n d a r d i s e d
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a s  d e s c r i b e d  i n  P a r t  I I  ( c ) ( i i ) .
The i n d iu m  p h o sp h a te ,  u s e d  i n  a n i o n - e x c h a n g e  e x p e r i ­
m e n t s  w i t h  t h e  p h o s p h a t e  fo rm  o f  t h e  r e s i n  was p r e p a r e d  a s  
d e s c r i b e d  i n P a r t  I I I  ( c ) ( i i ) .
( i i i )  T e c h n iq u e .
The p r o c e d u r e  u s e d  i n  t h e  e x p e r i m e n t s  on s o l u t i o n s  
c o n t a i n i n g  i n d iu m ,  p h o s p h a t e  a n d  ( s o m e t i m e s )  o t h e r  i o n s ,  
was v e r y  s i m i l a r  t o  t h a t  u s e d  i n  t h e  e x p e r i m e n t s  on  a lu m in iu m  
s a l t s  s o l u t i o n s  d e s c r i b e d  i n  P a r t  I I  ( c ) ( i i i ) .
The o n l y  m a j o r  d i f f e r e n c e  i n  p r o c e d u r e  w h ic h  was 
a d o p t e d  f o r  t h e  e x p e r i m e n t s  w i t h  in d iu m  s a l t  s o l u t i o n s ,  was 
w i t h  r e s p e c t  t o  t h e  e l u t i o n  o f  t h e  r e s i n  a f t e r  i t  h a d  b e e n  
rem ov ed  f rom  c o n t a c t  w i t h  t h e  s o l u t i o n s .  P r e c i p i t a t i o n  
o c c u r r e d  f rom  s o l u t i o n s  on s t a n d i n g  f o r  f o u r  d a y s ,  t h e r e f o r e ,  
s h a k i n g  was u s e d  t o  e n s u r e  t h a t  e q u i l i b r i u m  was r e a c h e d  i n  a  
s h o r t e r  p e r i o d  t o  a v o i d  p r e c i p i t a t i o n  on t h e  r e s i n .
The am ount  o f  n i t r i c  a c i d  u s e d  t o  e l u t e  t h e  r e s i n  
h a d  t o  be  k e p t  t o  a  minimum, a s  l a r g e  am o u n ts  o f  n i t r a t e  i o n  
i n  s o l u t i o n  i n t e r f e r e d  s e r i o u s l y  w i t h  t h e  s e n s i t i v i t y  o f  t h e  
e n d - p o i n t  i n  t h e  i n d iu m  d e t e r m i n a t i o n .  Each  sam ple  o f  r e s i n  
was e l u t e d  w i t h  50 m l ,  o f  2M. n i t r i c  a c i d ,  e a c h  5 m l .  o f  whichi
£
was a l l o w e d  t o  r e m a i n  i n  c o n t a c t  w i t h  t h e  r e s i n  f o r  30 m i n u t e s .
( i v )  R e s i n s .
The r e s i n s  u s e d  i n  t h e  i o n - e x c h a n g e  e x p e r i m e n t s  w e re  
t r e a t e d  a s  d e s c r i b e d  i n  P a r t  I I  ( c ) ( i v ) .
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( v )  A n a l y t i c a l .
Ind iu m  was d e t e r m i n e d  a s  d e s c r i b e d  i n  P a r t  
I I I  ( c ) ( i v ) .  P h o s p h a t e  an d  c h l o r i d e  w ere  a n a l y s e d  a s  
d e s c r i b e d  i n  P a r t  I I  ( c ) ( v ) .
*-86-
IV ( d )  p H - T i t r a t i o n  S t u d i e s .
The f o l l o w i n g  p H - t i t r a t i o n s  w ere  c a r r i e d  o u t  a s  
d e s c r i b e d  i n  P a r t  IV ( c ) ,  and  t h e  r e s u l t s  o b t a i n e d  a r e  
t a b u l a t e d  i n  P a r t  IV ( j )  ( T a b l e s  32 -  3 9 ) .
( a )  0.1M. i n d iu m  c h l o r i d e  s o l u t i o n  was t i t r a t e d  w i t h  
1 . 5M. p h o s p h o r i c  a c i d :
( i )  w i t h  no o t h e r  s a l t  a d d e d .
( i i )  w i t h  sod ium  n i t r a t e  a d d e d  s  0.25M.
( i i i )  w i t h  sod ium  c h l o r i d e  a d d e d  =■=. 0.25M.
( i v )  w i t h  sod ium  s u l p h a t e  a d d e d  ^  0.25M.
( b )  0.1M. i n d iu m  n i t r a t e  s o l u t i o n  was t i t r a t e d  w i t h  
1 ,5M. p h o s p h o r i c  a c i d :
( i )  w i t h  no o t h e r  s a l t  a d d e d .
( i i )  w i t h  sod ium  n i t r a t e  a d d e d  ~  0.25M.
( i i i )  w i t h  sod ium  c h l o r i d e  a d d e d  ~  0.25M.
( i v )  w i t h  sod ium  s u l p h a t e  a d d e d  5= 0 . 25M.
The r e s u l t s  o f  t h e s e  p H - t i t r a t i o n s  h a v e  b e e n  com pared  
i n  f i g s ,  13 a n d  1 4 ,  i n  w h ic h  pH i s  p l o t t e d  a g a i n s t  t h e  r a t i o  
o f  p h o s p h a t e  t o  i n d iu m  i n  t h e  s o l u t i o n s .
I n  t h e  t i t r a t i o n  o f  i n d iu m  c h l o r i d e  w i t h  no o t h e r  
s a l t  a d d e d  ( a ( i ) ) ,  t h e  s h a p e  o f  c u r v e  was t h e  same a s  t h a t  
o b t a i n e d  i n  s i m i l a r  t i t r a t i o n s  w i t h  a lu m in iu m  c h l o r i d e ,  b u t  
t h e  f a l l  i n  pH was n o t  so s h a r p .  A d d i t i o n  o f  sod ium  n i t r a t e  
t o  t h e  s o l u t i o n  h a d  t h e  e f f e c t  o f  i n c r e a s i n g  s l i g h t l y  t h e  
r e l e a s e  o f  h y d r o g e n  i o n s  a t  a n y  g i v e n  m o le ,  r a t i o  ( i n  
s o l u t i o n )  o f  p h o s p h a t e  t o  i n d iu m .  A d d i t i o n  o f  sod ium  c h l o r i d e
F \ C r . l 3 .  J?A  •  T i t Rr Ti o N S t u d i e s
o - m .  iNPiUn c h l o r i j>t s o l u t i o n  t i t r a t e d  W it h  
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on t h e  o t h e r  h an d  c a u s e d  a  s l i g h t  d e c r e a s e .
As w i t h  a lu m in iu m  s a l t -  s o l u t i o n s  ( P a r t  I I  ( d ) ) ,  
a d d i t i o n  o f  sod ium  s u l p h a t e  t o  t h e  i n d iu m  c h l o r i d e  s o l u t i o n  
c a u s e d  a  m arked  d e c r e a s e  i n  t h e  amount  o f  h y d r o g e n  i o n  r e ­
l e a s e d  a t  any  g i v e n  m o le ,  r a t i o  o f  p h o s p h a t e  t o  in d iu m .  I n  
t h e  p H - t i t r a t i o n  o f  i n d iu m  n i t r a t e  s o l u t i o n  w i t h  p h o s p h o r i c  
a c i d ,  t h e  f a l l  i n  pH was r a t h e r  more s h a r p  t h a n  was t h e  c a s e  
w i t h  i n d iu m  c h l o r i d e ,  o r  w i t h  an y  o f  t h e  a lu m in iu m  s a l t  
s o l u t i o n s .  A d d i t i o n  o f  sod ium  n i t r a t e  h a d  l i t t l e  e f f e c t ,  b u t  
a d d i t i o n  o f  sod ium  c h l o r i d e  c a u s e d  a  s i g n i f i c a n t  d e c r e a s e  i n  
t h e  r e l e a s e  o f  h y d r o g e n  i o n .  A d d i t i o n  o f  sod ium  s u l p h a t e ,  
h o w e v e r ,  d e c r e a s e d  t o  a n  e v e n  g r e a t e r  e x t e n t  t h e  r e l e a s e  o f  
h y d r o g e n  i o n .
PI&. IL >JL- T i r m r t o t 4  Snones
0 - l r ? .  I N P l O t f  N ' T R f l r E  s o l u t i o n  HTRRTED W ith 
i s o n .  p h o s p h o r i c  & c i o  s o n f t T i r i e s  i n  t h e .
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IV ( e )  C a t i o n - e x c h a n g e  S t u d i e s  u s i n g  H -  fo rm  R e s i n .
Two s e r i e s  o f  e x p e r i m e n t s  w ere  c a r r i e d  o u t  u s i n g  t h e  
c a t i o n - e x c h a n g e  r e s i n  Zeo -Karb 225 i n  t h e  h y d r o g e n  fo rm .
I n  t h e  f i r s t  s e r i e s ,  0 . 5 0 0  gm. s a m p le s  o f  t h e  c a t i o n -  
e x c h a n g e r  w ere  a l l o w e d  t o  r e a c h  e q u i l i b r i u m  w i t h  s o l u t i o n s  
c o n t a i n i n g  i n d iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d .  A p p r e c i a b l e  
a m o u n ts  o f  p h o s p h a t e  a n d  in d iu m  w ere  f o u n d  t o  be  s o r b e d  on 
t h e  r e s i n .  The a m o u n ts  o f  p h o s p h a t e  s o r b e d  i n c r e a s e d  a t  f i r s t  
a s  t h e  m o le ,  r a t i o  ( i n  s o l u t i o n )  o f  p h o s p h a t e  t o  i n d iu m  
i n c r e a s e d ,  t h e n  r e m a i n e d  f a i r l y  c o n s t a n t  a s  t h e  r a t i o  was 
i n c r e a s e d  f u r t h e r .  No c h l o r i d e  was fo u n d  i n  t h e  e l u a t e  f rom  
t h e  r e s i n ,  b u t  some was c e r t a i n l y  s o r b e d  i n i t i a l l y  a s  a n  
i n d iu m  c h l o r o - c o m p l e x  an d  was rem oved  d u r i n g  t h o r o u g h  w a s h i n g  
w i t h  w a t e r  b e f o r e  e l u t i o n  o f  t h e  i o n s  f rom  t h e  r e s i n ,  ( R a t i o  
i n d iu m  t o  c h l o r i d e  i n  t h e  o r i g i n a l  s o l u t i o n  w i t h  w h ic h  t h e  
r e s i n  was i n  e q u i l i b r i u m  e q u a l s  1 s3•3» r a t i o  i n d iu m  t o  
c h l o r i d e  i n  w a s h i n g s  e q u a l s  I s 5 0 ) .
I n  e x p e r i m e n t s  w h e re  no p h o s p h o r i c  a c i d  was p r e s e n t ,  
t h e  s o r p t i o n  o f  i n d iu m  was g r e a t e r  t h a n  w ould  be  e x p e c t e d  
f o r  s o r p t i o n  o f  I n ^  o n l y .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  
a r e  g i v e n  i n  T a b le  40 . .
The s o l u t i o n s  f o r  t h e  s e c o n d  s e r i e s  c o n t a i n e d  in d iu m  
n i t r a t e  a n d  p h o s p h o r i c  a c i d .  T h ese  w ere  a l l o w e d  t o  r e a c h  
e q u i l i b r i u m  w i t h  0 « 500 gm, s a m p le s  o f  t h e  c a t i o n - e x c h a n g e r .
- 8 9 -
I n  t h e s e  e x p e r i m e n t s  t o o ,  i n d iu m  a n d  p h o s p h a t e  w ere  s o r b e d  
on  t h e  r e s i n ,  i n  a p p r e c i a b l e  a m o u n t s .  I n  t h i s  c a s e ,  h o w e v e r ,  
w here  no p h o s p h a t e  was p r e s e n t  i n  t h e  s o l u t i o n  i n  c o n t a c t  
w i t h  t h e  r e s i n ,  t h e  amount  o f  in d iu m  s o r b e d  was a l m o s t  
e x a c t l y  t h a t  w h ic h  w ould  be  e x p e c t e d  i f  I n J i o n s  w ere  
s o r b e d .  The r e s u l t s  o f  t h e s e  s t u d i e s  a r e  g i v e n  i n  T a b l e  41.
- 9 0 -
IV ( f )  A n io n - e x c h a n g e  S t u d i e s  u s i n g  C l - f o r m  R e s i n .
S o l u t i o n s  o f  in d iu m  c h l o r i d e  and  p h o s p h o r i c  a c i d  
w e re  a l l o w e d  t o  r e a c h  e q u i l i b r i u m  w i t h  1 . 0 0 0  gm. s a m p le s  o f  
A m b e r l i t e  I . R . A .  400 i n  t h e  c h l o r i d e  fo rm .
I n  t h e s e  e x p e r i m e n t s ,  c h l o r i d e  and  p h o s p h a t e  w e re
f o u n d  t o  be  s o r b e d  i n  t h e  e x p e c t e d  p r o p o r t i o n s ,  b u t  i n d iu m  
was f o u n d  t o  b e  s o r b e d  o n l y  i n  t r a c e  a m o u n t s .  The r e s u l t s
o b t a i n e d  a r e  g iven* i n  T a b l e  42 .
-9 1 -
IV ( g )  A n io n - e x c h a n g e  S t u d i e s  w i t h  PO ^-fo rm  R e s i n .
E x p e r i m e n t s  w i t h  t h e  a n i o n - e x c h a n g e  r e s i n  A m b e r l i t e  
I . R . A .  - 4 0 0  i n  t h e  p h o s p h a t e  fo rm  were  made i n  w h ic h  s o l u t i o n s  
o f  i n d iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d  w ere  s t u d i e d .
The r e s i n  ( i n  1 . 0 0 0  gm. s a m p le s )  was a l l o w e d  t o  
r e a c h  e q u i l i b r i u m  w i t h  t h e s e  s o l u t i o n s ,  an d  t h e  s o r p t i o n  o f  
in d iu m  an d  p h o s p h a t e  was f o u n d  t o  o c c u r .  The am oun ts  o f  i n d iu m  
w h ic h  w e re  s o r b e d  w e re  much l a r g e r  t h a n  t h o s e  o f  a lu m in iu m  
s o r b e d  i n  s i m i l a r  e x p e r i m e n t s  w i t h  s o l u t i o n s  o f  a lu m in iu m  
p h o s p h a t e  ( s e e  P a r t  I I  ( g ) ) .  The r e s u l t s  a r e  shown i n  T a b l e  43 .
-9 2 -
IV ( h )  C a t i o n - e x c h a n g e  E x p e r i m e n t s  u s i n g  M e ta l  fo rm  R e s i n .
S o l u t i o n s  o f  p h o s p h o r i c  and  o t h e r  a c i d s  w ere  a l l o w e d  
t o  r e a c h  e q u i l i b r i u m  w i t h  0 . 5 0 0  gm. s a m p le s  o f  Zeo Karb  225 
i n  t h e  i n d iu m  fo rm .
The e f f e c t  o f  v a r i a t i o n  o f  pH was s t u d i e d  i n  t h e s e  
e x p e r i m e n t s .  At a n y  g i v e n  pH, m o s t  i n d iu m  was removed by  
p h o s p h o r i c  a c i d  ( a s  was t h e  c a s e  w i t h  a l u m i n i u m ) ,  b u t  f o r  
i n d i u m ,  i n  c o n t r a s t  t o  a lu m in iu m  and  i r o n ,  i t  was f o u n d  t h a t  
h y d r o c h l o r i c  was a l m o s t  a s  e f f e c t i v e  i n  r e m o v in g  t h e  m e t a l  
a s  was p h o s p h o r i c  a c i d .  S u l p h u r i c  and  n i t r i c  a c i d s  w ere  l e s s  
e f f e c t i v e  a n d  p e r c h l o r i c  a c i d  was s t i l l  l e s s  e f f e c t i v e  i n  
t h e  r e m o v a l  o f  i n d iu m  -  w h ic h  o b s e r v a t i o n s  a c c o r d  w e l l  w i t h  
t h o s e  made f o r  a lu m in iu m .
The a m ou n ts  rem oved^by  t h e  d i f f e r e n t  a c i d s ,  w i t h  
v a r i a t i o n  o f  pH, a r e  shown i n  f i g .  1 5 ,  and  t h e  a c t u a l  v a l u e s  
a r e  g i v e n  i n  T a b l e  4 4 .
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IV (.1). T a b u l a r  r e s u l t s  f o r  P a r t  IV, 
TABLE 3 2 .
p H - T i t r a t i o n .
0.1M. in d iu m  c h l o r i d e  1.50M. p h o s p h o r i c  a c i d  
w i t h  no o t h e r  s a l t  a d d e d .
-* -* •------ i...................... ..................
fx„]
mol s .
............... "...................
CH3P043
mol s .
■ ...........■>...... . (irn iji.
fH3P04] pH
, | I H.MlrifilV „Vl
[ H i A [h1
tIn] N
0.100 0.000 0.00 1.88 0 . 0 1 3  , 0.00
0.099 0.006 0.06 1.72 0 . 0 1 9 0.06
0.099 0.012 0.12 1.62 0.024 0.11
0.099 0.018 0.18 1.55 0.028 0.15
0.098 0.024 0. 24 1.48 0.033 0.20
0.098 0.036 0.36- 1.40 0.040 . 1 0.28
0.097 0.047 O. 4 8 1.35 0.045 0.33
0.096 0.058 0.61 1.29 0.051 0.40
0.095 0.074 0.78 1.24 0.058 : 0.47
0.094 0.091 0.97 1.19 0.065 0.55
0,093 0.112 1.21 1.14 0.072 O.63
0.091 0 . 1 3 8 1.52 1.10 0.079 0.73
0.089 0.163 1 . 8 2 1.07 0.085 < 0.81
’ 0.086 0 . 209 2. 43 1.01 0.098 0.99
0.083 0.253 3.03 0.98 0.105 1.11
0.081 0. 294 3-64 0.95 0.112 1.22
0.076
i .
0.368 4 . 8 6 0.91 0.123 1.45
- 9 4 -
TABLE 33.
p H - T i t r a t i o n .
0.1M. in d iu m  c h l o r i d e  1.50M. p h o s p h o r i c  a c i d  
w i t h  sod ium  n i t r a t e  a d d e d  =r 0.25M.
[in]  
mol s .
! Ch 3p o J
mol s .
[h 3? ° 4]
n r i n i ....
pH [h 1
[in]
0 . 1 0 0 0.0.00 0 . 0 0 1 . 8 7 0 .0 1 4 0 . 0 0
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 . 5 9 0 . 0 2 6 0 . 1 2  ;;
0 . 0 9 8 0 .0 2 4 0 .2 4 1 .  46 0 .0 3 5 0 . 2 1
0 . 0 9 8 0 .0 3 6 0 . 3 6 1 . 3 7 0 .0 4 3 0 . 3 0
0 . 0 9 7 0 . 0 4 7 0 . 4 8 1 . 3 1 0 .0 4 9 0 . 3 6
0 . 0 9 6 0 . 0 5 8 0 . 6 1 1 . 2 6 0 .0 5 5 0 . 4 3
0 . 0 9 4 0 . 0 8 6 0 . 9 1 1 . 1 7 0 . 0 6 8 0 . 5 7
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 1 0 0 .0 7 9 0 . 7 0
0 .0 8 9 0 .1 6 3 1 . 8 2 1 . 0 4 0 .0 9 1 0 . 8 6
0 . 0 8 6 0 .2 0 9 2 .4 3 0 . 9 8 0 .1 0 5 1 . 0 6
0 . 0 8 1 0 . 2 9 4 3 . 6 4 0 . 9 2 0 . 1 2 0 1 . 3 1
0 .0 7 6
4
0 . 3 6 8 4 . 8 6 0 . 8 6 0 . 1 3 8 1 . 6 3
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TABLE 34. 
p H x T i t r a t i o n .
■O.IM. in d iu m  c h l o r i d e  1.50M. p h o s p h o r i c  a c i d  
w i t h  sod ium  c h l o r i d e  a d d e d  •$£ 0.25M.
M
mol s .
[h3p o ^
mol s .
[H3P 0 4l pH u i . b  [h+]
. i f e f
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1 . 8 9 0 . 0 1 3 0 . 0 0
0 . 0 9 9 ’ 0 . 0 1 2 , 0 . 1 2 1 . 6 6 0 . 0 2 2 0 . 0 9
0 . 0 9 8 0 .0 2 4 0 .  24 1 . 5 4 0 . 0 2 9 0 . 1 6
0 . 0 9 8 0 .0 3 6 0 . 3 6 1 . 4 6 0 . 0 3 5 0 . 2 2
0 . 0 9 7  ' > 0 .0 4 7 0 . 4 8 1 . 4 0 0 . 0 4 0 0 . 2 8
0 . 0 9 6 0 .0 5 8 0 . 6 1 1 . 3 6 0 . 0 4 4 0 . 3 2
0 . 0 9 4 0 .0 8 6 0 . 9 1 1 . 2 7 0 . 0 5 4 0 . 4 4
0 .0 9 3 0 . 1 1 2 1 . 2 1 1 . 2 0 0 . 0 6 3 0 . 5 4
0 . 0 8 6 0 .2 0 9 2 .43 1 . 0 5 0 .0 8 9 0 . 8 8
0 . 0 8 1 0 .2 9 4 3 .6 4 0 . 9 8 0 .1 0 5 1 . 1 4
0 . 0 7 6 0 .3 6 8 4* 86 0 . 9 3 0 .1 1 8 1 . 3 8
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TABLE 33.
p H - T i t r a t i o n .
0 .1M. in d iu m  c h l o r i d e  1.50M. p h o s p h o r i c  a c i d  
w i t h  sod ium  s u l p h a t e  a d d e d  == 0.25M.
N  .
m o ls .
[h3P 0 4]
mol s .
. b 7 0 ^
pH
t
M
N  : M
0 . 1 0 0 0 . 0 0 0 0 . 0 0 2 .4 0 0 .0 0 4 0 . 0 0
0 .0 9 9 0 .0 0 6 0 . 0 6 2 .1 7 0 .0 0 7 0 . 0 3
0 .0 9 9 0 . 0 1 2 0 . 1 2 2 .0 3 0 .0 0 9 0 .0 5
t 0 . 0 9 9 0 . 0 1 8  ‘! 0 . 1 8 1 . 9 3 0 . 0 1 2 0 , 0 8
0 . 0 9 8 0 .0 2 4 0 . 2 4 1 . 8 6 0 .0 1 4 0 . 1 0
0 . 0 9 7 0 .0 4 1 0 . 4 2 1 . 7 1 0 .0 2 0 0 . 1 6
0 . 0 9 6 0 . 0 5 8  ! 0 . 6 1 1 . 6 1 0 .0 2 5 0.  22
0 . 0 9 4 0 . 0 8 6  :: 0 .9 1 1 . 5 1 0 .0 3 1 0 . 2 9
0 .0 9 3 0 . 1 1 2  ; 1 . 2 1 1 . 4 3 0 . 0 3 7 0 . 3 5
0 . 0 8 6 0 .2 0 9 2 .4 3 1 . 2 6 0 .0 5 5 0 . 5 9
0 . 0 8 1 0 . 2 9 4 3 -6 4  ; 1 . 1 7 0 .0 6 8 0 .7 9
0 . 0 7 6 0 . 3 6 8 4 . 8 6 1 . 1 1 0 . 0 7 8 0 . 9 7
-9 7 -
TABLE 36, 
p H - » T i t r a t i o n .
0.1M. i n d iu m  n i t r a t e  1.50M. p h o s p h o r i c  a c i d  
w i t h  no s a l t  a d d e d .
[ in ]  
mol s .
Ch3P04]
mol s .
[H3P0J
M
pH [ h1 A [ h1
M
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1 . 5 2 0 . 0 3 0 0 . 0 0
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 . 2 8 0 .0 5 2 0 . 2 2
0 . 0 9 8 0 .0 2 4 0 . 2 4 1 . 1 5 0 .0 7 1 0 . 4 2
0 . 0 9 8 0 .0 3 6 0 . 3 6 1 . 0 8 0 .0 8 3 • 0 . 5 4
0 . 0 9 7 0 . 0 4 7 0 . 4 8 1 . 0 2 0 .0 9 5 0 . 6 7
0 . 0 9 6 0 . 0 5 8 0 . 6 1 0 . 9 9 0 .1 0 2 0 .7 5
0 . 0 9 4 0 . 0 8 6 0 . 9 1 0 .9 4 0 .1 1 5 0 . 9 0
0 .0 9 3 0 . 1 1 2 1 . 2 1 0 , 9 0 0 .1 2 6 1 . 0 3
0 .0 8 9 0 .1 6 3 1 . 8 2 0 . 8 6 0 .1 3 8 1 . 2 1
0 . 0 8 6 0 .2 0 9 2 .4 3 0 . 8 4 0 .1 4 5 1 . 3 4
0 .0 8 1 0 .2 9 4 3.  64 0 . 8 2 0 .1 5 1 1 . 4 9
0 . 0 7 6 0 . 3 6 8 4* 86 0 . 8 1 0 .1 5 5 1 . 6 4
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TABLE 37. 
p H - T i t r a t i o n .
0 . 1M.* in d iu m  n i t r a t e  1 .50M. p h o s p h o r i c  a c i d  w i t h  
sod ium  n i t r a t e  a d d ed  •== 0 .  25M.
[in]
mol s .
£H3P 0 43
mol s .
pH a [ h+]
[ in ]
0 . 1 0 0 0 .0 0 0 0 . 0 0 1 . 5 4 0 .0 2 9 0 . 0 0
0 . 0 9 9 0 . 0 1 2 0 . 1 2 1 . 2 8 0 .0 5 2 0 . 2 3
0 .0 9 8 0 .0 2 4 0 . 2 4 1 . 1 4 0 .0 7 3 0 . 4 5
0 . 0 9 8 0 . 0 3 6 0 . 3 6 1 . 0 8 O.O83 0 .5 5
0 . 0 9 7 0 .0 4 7 0 . 4 8 1 . 0 2 0 .0 9 5 0 . 6 8
0 . 0 9 6 0 . 0 5 8 0 .6 1 0 . 9 8 0 .1 0 5 0 . 7 9
0 .0 9 4 0 . 0 8 6 0 . 9 1 0 . 9 1 0 .1 2 3 1 . 0 0
0 .0 9 3 0 . 1 1 2 1 . 2 1 0 . 8 8 0 . 1 3 2 1 . 1 1
0 .0 8 9 0 .1 6 3 1 . 8 2 0 . 8 4 0 .1 4 5 1 . 3 0
0 . 0 8 6 0 .2 0 9 2 .4 3 0 . 8 2 0 .1 5 1 1 . 4 2
0 .0 8 1 0 .2 9 4 3« 64 0 . 7 9 0 . 1 6 2 1 . 64
0 . 0 7 6 0 .3 6 8
.
4*86 0 . 7 8 0 .1 6 6 1 . 8 0
-9 9 -
TABLE 38. 
p H - T i t r a . t i o n .
O.IM. i n d iu m  n i t r a t e  1 .50M. p h o s p h o r i c  a c i d
w i t h  sod ium  c h l o r i d e  a d d e d  0 . 25M.
[in] 
mol s.
[h 3p °4]
mol s.
TH3P04] pH a Ih *]
[ml
0.100 0.000 0.00 1.58 0.026 0 . 0 0
0.099 0.012 0,12 1.44 O.O36 0 . 1 0
0.098 0.024 0.24 1.36 0. 044 0 . 1 8
0.098 0. 036 0.36 1.27 0.054 0 . 2 9
0.097 0.047 0.48 1.22 0.060 0 .3 5
0.096 0.058 0.61 1.18 0.066 0 . 4 2
0.094 0.086 0.91 1.10 0.079 0.56
0.093 0.112 1.21 1.05 0.089 0.68
0.089 0.163 1.82 0.99 0.102 0.85
0.086 0.209 2.43 0.94 0.115 1.03
0.081 0.294 3 .6 4 0.89 0.120 1.16
0.076 0.368 4.86 0.86 0 .1 3 8 1.47
-1 0 0 -
TABLE 39.
p H - T i t r a t i o n .
■0.1M. in d iu m  n i t r a t e  1 .50M. p h o s p h o r i c  a c i d
w i t h  sod ium  s u l p h a t e  a d d e d  S  0.25M.
[in]
mols.
iv ° * l
mols. [In]
PH M - 4 [h1
iIn]
0 . 1 0 0 0 . 0 0 0 0 . 0 0 1 . 8 7 0 .0 1 4 0 . 0 0
0 .0 9 9 0 .0 1 2 0 . 1 2 1 . 6 3 0 .0 2 3 0 . 0 9
0 .0 9 8 0 .0 2 4 0 .  24 1 . 5 0 0 .0 3 2 0 . 1 8
0 . 0 9 8 O.O36 O . 3 6 1 . 4 2 0 .0 3 8 0 .  24-
0 . 0 9 7 0 .0 4 7 0 . 4 8 1 . 3 7 0 .0 4 3 0 . 3 0
0 . 0 9 6 0 .0 5 8 0 .6 1 1 . 3 2 0 .0 4 8 0 .3 5
0 .0 9 4 0 . 0 8 6 0 .9 1 1 . 2 4 0 .0 5 8 0 . 4 7
0 .0 9 3 0 ,1 1 2 1 . 2 1 1 . 1 9 0 .0 6 5 0 . 5 5
0 .0 8 9 0 .1 6 3 1 . 8 2 1 . 1 2 0 .0 7 6 0 . 7 0
0 . 0 8 6 0 .2 0 9 2 .4 3 1 . 0 9 0 .0 8 1 0 . 7 8
0 .0 8 1 0 .2 9 4 3* 84 1 . 0 4 0 .0 9 1 0 .9 5
0 . 0 7 6 0 .3 6 8 4 . 8 6 1 . 0 1 0 . 0 9 8 1 . 1 1
- 1 0 1 -
TABLE 40.
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  i n d iu m  p h o s p h a t e  by  Zeo Karb  225-H f ro m
s o l u t i o n s  " c o n t a i n i n g  in d iu m  c h l o r i d e  and  p h o s p h o r i c  a c i d .
S o l u t i o n R e s i n
[r°4l [in] KV
[ In ]
pH 'mols. sorbed 
n e r . e a . o f  t f e s i n
Capacity
I n ?04
0.0 r 5/6 0.00 1.34 0.353 ,1.82
1.5 4.5 0.33 1.20 0.402 0.035 1.83
3*0 4.0 0.75 1.14 0.405 0.048 1.84 ‘
4.5 3.5 1.29 1.10 0.409 0.043 1.82
6.0 3.0 2.00 1.05 0.399 0.048 1.81
6.0 3.0 2.00 1.07 0.395 0.037 1.83
10.5 1.5 7.00 1.11 0.358 0.006 1.82
W eigh t  o f  r e s i n . . ,  
Volume o f  s o l u t i o n
0 .500  gm,
50 ml.
- 1 0 2 -
TABLE 41 .
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  in d iu m  and  p h o s p h a t e  by  Zeo K arb  225-H
from  s o l u t i o n s  c o n t a i n i n g  in d iu m  n i t r a t e  a n d  p h o s p h o r i c  a c i d .
S o l u t i o n s R e s i n
[*0 4?
[in]
pH I n
m o l s . s o r b e d  
p e r  e q . r e s i n
P04 
m o l s . s o r b e d  
p e r  e q . r e s i n
C a p a c i t y  
m e ^ . /  i  
gm.
0 . 0 0 1 . 1 8 0 . 3 3 6 - 1 . 8 3
0 . 3 3 1 . 0 1 0 .3 9 1 0 .0 2 1 1 . 8 5
0 .7 5 0 . 9 6 0 . 4 0 2 0 .0 3 9 1 . 8 4
1 . 2 9 0 . 9 2 0 . 3 9 2 0 .0 4 1 1 . 8 5
2 .0 0 0 .9 3 0 .3 8 5 0 . 0 4 2 1 . 8 5
W eig h t  o f  r e s i n . . .  
Volume o f  s o l u t i o n
0 .500  gm,
50 ml.
-1 0 3 -
TABLE 42.
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  i n d iu m ,  p h o s p h a t e  and  c h l o r i d e  by IRA 
400-C1 f rom  s o l u t i o n s  c o n t a i n i n g  in d iu m  c h l o r i d e  and
p h o s p h o r i c  a c i d .
S o l u t i o n s R e s i n
frnj
m .m o ls .
. [ci]
m .m o ls .
K l
m .m o ls .
pH C a p a c i t y
i n
m eq . /g m .
m o l s . s o r b e d  p e r  
e q u i v . o f  r e s i n
I n P04 Cl
5 . 0 1 7 . 0 0 . 0 0 1 . 9 0 2 .8 7 OoOl 0 . 0 0 0 1 . 0 0 ( 2 )
4 . 0  , 1 3 . 6 3 . 2 9 1 . 2 7 2 .8 6 0 . 0 2 0 .0 1 7 0 .9 8 8
3 . 0 1 0 . 2 6 .5 8 1 . 1 6 2 .8 7 0 . 0 2 0 .0 2 9 0 .9 5 5
2 . 0 6 . 8 9 . 8 7 1 . 1 4 2 .8 8 0 .0 3 0 . 0 5 7 0 . 9 0 6
W e ig h t  o f  r e s i n ..................  1 . 0 0 0  gm.
Volume o f  s o l u t i o n   50 m l .
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TABLE 43- 
I o n - E x c h a n g e  S t u d i e s .
S o r p t i o n  o f  i n d iu m  and  p h o s p h a t e  "by A m b e r l i t e  I . R . A .  
4 0 0 -P 0^  f rom  s o l u t i o n s  o f  i n d iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d .
S o l u t i o n s R e s i n
In^O^
1°
P 2°5
1o
C a p a c i t y
i n
m eq . /gm .
m o l s . s o r b e d  p e r  
e q u i v . o f  r e s i n
I n P04
0 . 5
1 . 5
2 .5
1 0 . 0
2 0 .0
3 0 . 0
2 .5 0
2 .4 7
2 .4 7
0 .1 2 0
0 .0 7 9
0 .0 4 9
0 . 7 1 9  
0 . 6 9 3  , 
0 .6 7 5
W eig h t  o f  r e s i n . . . . . . . 1 . 0 0 0  gm.
W e i g h t  o f  s o l u t i o n . . . . 1 0 0  gm.
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TABLE 44. 
I o n - E x c h a n g e  S t u d i e s .
Ind ium  rem oved  f rom  0 . 5 0 0  gm. o f  Zeo K a r t  2 2 5 - I n  
by  p h o s p h o r i c  and  o t h e r  a c i d s  a f t e r  7 d a y s  ( e q u i l i b r i u m ) .
V a r i a t i o n  w i t h  pH.
pH
I n  removed {i° o f  a v a i l a b l e )
H3P °4 HOI h 2s o 4 HNOj- HC10.4
0 , 0 5 9 8 .4 1 0 0 . 0 8 3 . 0 7 9 .9 5 4 .4
' 0 . 2 5 9 6 . 9 9 8 .5 6 5 .1 6 2 .3 3 9 .9
0 . 5 0 9 0 . 8 9 2 .4 4 8 . 6 . 4 5 .8 3 0 . 0
0 . 7 5 85 • 6 6 4 .4 3 3 .8 3 1 . 0 2 4 .6
1 . 0 0 6 4 .6 3 9 .1 2 3 .7 2 2 .1 1 8 . 4
1 , 2 5 3 1 . 9 2 0 .8 1 5 .3 1 3 . 4 1 3 . 2
1- 50 1 3 . 0 1 2 . 1 1 1 . 8 8 . 8 1 1 . 5
W eig h t  o f  r e s i n . . . . . . 0 . 5 0 0  gm.
Volume o f  s o l u t i o n . . . 5 0  m l .
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IV (k )  B i b l i o g r a p h y .
( 4 0 ) .  M e l l o r  -  A C o m p reh e n s iv e  T r e a t i s e  on I n o r g a n i c  and 
T h e o r e t i c a l .  C h e m i s t r y  Volume V*
(41)o  Meyer -  L i e b i g ' s  A n n a le n  1869 150 1 37 .
( 4 2 ) .  S c h u f l e ,  S t u b b s  and  Witman -  J .  Amer. Chem. Soc.
1951 73 1013 .
( 4 3 ) .  C o z z i  and  V i v a r e l l i  -  2 .  E l e c t r o c h e m .  1953 57. 408 .
( 4 4 ) .  Sunden -  S v e n sk .  Kern. T i d s k r .  1954 66. 56,  
and  e a r l i e r  p a p e r s .
( 4 5 ) .  K r a u s ,  N e l s o n  and  Sm i th  -  J .  P h y s .  Chem, 1954 58. 11 .
( 4 6 ) .  S c h u f l e  and  E i l a n d  -  J .  Amer. Chem. Soc.  1954 7B 960 .
( 4 7 ) .  B o s s i e r  -  J o u r n .  P r a k t .  Chem. 1873 ( 2 )  7 18 .
( 4 8 ) .  H a t t o x  and  Be -V r ie s  -  J .  Amer. Chem, Soc. 1936 !58 2126.
(4 9 )  M o e l l e r  -  J .  Amer. Chem. Soc .  1941 63_ 1206 .
( 5 0 ) .  B ied e rm a n n  -  A r k i v .  f o r  Kemi 1956  9. 277.
( 5 1 ) .  W i n k l e r  -  J o u r n .  P r a k t .  Chem. 1867 ( 1 )  102 373 .
( 5 2 ) .  E n s s l i n ,  L r e y e r  and  Lessm ann  -  Z. a n o r g .  Chem. 1947 
254 315.
( 5 3 ) .  H o l r o y d  and  Salmon -  J .  Chem. Soc. 1956 269#
PART V
GENERAL COMPARISONS 
AND 
CONCLUSIONS
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V ( a )  I o n - E x c h a n g e  R e s u l t s .
The e x p e r i m e n t s  w i t h  t h e  m e t a l  fo rm s  o f  t h e  c a t i o n -  
e x c h a n g e  r e s i n  Zeo Karb  225 ( T a b l e s  24 -  28 and  44 a n d  f i g s .  
6 - 1 0  and  1 5 ) ,  w i l l  be  c o n s i d e r e d  f i r s t .  I n  t h e s e  t h e  
e q u i l i b r i u m
M3+ ->• 3H+ *=* 3H** + M3'1" . .................( i ) .
i s  i n v o l v e d  (w h e re  b a r r e d  f o r m u l a e  i n d i c a t e  i o n s  s o r b e d  on 
t h e  r e s i n ) ,  b u t  w h e re  com plex  f o r m a t i o n  i n  s o l u t i o n  a l s o  
o c c u r s  t h e  e q u i l i b r i u m  r e p r e s e n t e d  by  e q u a t i o n  ( i i )  w i l l  
a l s o  o c c u r ,  and  i t s  i m p o r t a n c e  w i l l  d epend  on t h e  d e g r e e  o f  
c om plex  f o r m a t i o n  w h ic h  i n  t u r n  w i l l  d epend  on t h e  n a t u r e  
o f  M a n d  A,
M3+ + pAx “  [MAp]y ~ ............... ................ ( i i ) .
Now t h e  r e s u l t s  o f  t h e  e x p e r i m e n t s  a r e  p r e s e n t e d  i n  s u c h  a
way t h a t  v a l u e s  o b t a i n e d  a t  c o r r e s p o n d i n g  pH v a l u e s  may be
d i r e c t l y  com pared  an d  s i n c e
pH =■ l o g  1 / [ H +]
t h i s  m eans  i n  e f f e c t  t h a t  a  c o m p a r i s o n  b e tw e e n  r e s u l t s  
a p p r o p r i a t e  t o  t h e  same h y d r o g e n  i o n  c o n c e n t r a t i o n  ( s t r i c t l y  
a c t i v i t y )  may be  made.  The a c i d s  u s e d  i n  t h e s e  e x p e r i m e n t s  
may be  c o n s i d e r e d  t o  i o n i z e  t h u s : -
“ 3 iw 4v ~  “  “ 2 ^ 4
2—4 ( S i n c e  v e r y  l i t t l e  g o e s  t o  HPO^ )
More g e n e r a l l y ,
HA f=i H+  + A-  ................................................ ( i i i ) .
Now, s i n c e  i s  f i x e d  f o r  any  s e t  o f  e x p e r i m e n t s  a t  a
g i v e n  pH, i t  f o l l o w s  f ro m  ( i i i )  t h a t  i s  a l s o  f i x e d  an d
h e n c e  r e s u l t s  c o r r e s p o n d i n g  t o  a  g i v e n  pH v a l u e  r e l a t e  t o  
a p p r a d m a t e l y  e q u a l  a n i o n  c o n c e n t r a t i o n s .  T hu s ,  a t  a n y  pH
v a l u e ,  any  i n c r e a s e  i n  amount  o f  m e t a l  rem oved  a s  com pared
w i t h  t h a t  f o r  n i t r i c  an d  p e r c h l o r i c  a c i d s ,  f o r  w h ic h  
e q u i l i b r i u m  ( i )  may be  a ssu m ed  t o  be  p r e d o m i n a n t ,  w i l l  
r e f l e c t  a n y  t e n d e n c y  o f  A t o  fo rm  c o m p le x e s  w i t h  M, and  
h e n c e ,  f o r  e q u i l i b r i u m  ( i i i )  t o  p l a y  a  s i g n i f i c a n t  r o l e .
Q u a l i t a t i v e l y ,  t h e  m e t a l  e l u t e d  ( p e r  c e n t )  f ro m  t h e  
r e s i n  by  p h o s p h o r i c  a c i d  was com pared  w i t h  t h a t  e l u t e d  by 
p e r c h l o r i c  a c i d .  T h i s  gave  a n  i n d i c a t i o n  o f  t h e  e x t e n t  t o  
w h ic h  a lu m in iu m  a n d  i n d iu m  f o r m p h o s p h a t e  c o m p l e x e s , a s s u m i n g  
t h e  r e a c t i o n  w i t h  p e r c h l o r i c  a c i d  t o  a p p r o a c h  c l o s e l y  t h e  
e q u i l i b r i u m  a s  i n d i c a t e d  by  e q u a t i o n  ( i )  a l o n e . T h e  f o r m a t i o n  
o f  s u c h  p h o s p h a t e  c o m p le x e s  i s  i n  f a c t  i n d i c a t e d  w i t h  a l u m i n ­
ium a n d  i n d iu m ,  b u t  n o t  w i t h  z i n c .  T h i s  i s  i n  a g r e e m e n t  w i t h  
t h e  r e s u l t s  o f  H o l r o y d  a n d  Sa lmon ( 5 4 ) .  The f o r m a t i o n  o f
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c h l o r o - c o m p l e x e s , h o w e v e r ,  a p p e a r s  t o  he  m arked  a t  l o w e r  pH 
v a l u e s  o n l y ,  e x c e p t  i n  t h e  c a s e  o f  i n d iu m  w here  i t  o c c u r s  t o  
a  s i g n i f i c a n t  e x t e n t  e v en  i n  t h e  r a n g e  o f  pH o f  0 . 7 5 - 1 . 2 5 .
I t  i s  d i f f i c u l t  t o  d raw p r e c i s e  c o n c l u s i o n s  f ro m  t h e  e x p e r ­
i m e n t s  w i t h  s u l p h u r i c  a c i d ,  s i n c e  i t  i s  known t h a t  e q u i l i b r i a  
i n v o l v i n g  HS0^~ a n d  SO^ i o n s  p r e v a i l  i n  su c h  s o l u t i o n s ,  |
T h u s ,  w h i l s t ,  t h e  f o r m a t i o n  o f  s u l p h a t o - c o m p l e x e s  c a n  be  fj
d e t e c t e d  ( f i g s .  7>8 an d  1 5 ) ( a  p o i n t  w h ic h  h a s  p r o v e d  i m p o r t a n t  
i n  t h e  i n t e r p r e t a t i o n  o f  t h e  p H - t i t r a t i o n  e x p e r i m e n t s , P a r t  j!:
Y  ( b ) ) ,  i t  i s  n o t  p o s s i b l e  t o  make a  d i r e c t  c o m p a r i s o n  w i t h  
t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  o t h e r  a c i d s  s i n c e ,  a t  a  g i v e n  
pH, t h e  a n i o n  c o n c e n t r a t i o n  w i l l  d i f f e r  f ro m  t h a t  o f  t h e  
m o n o b a s ic  a c i d s  ( a n d  p h o s p h o r i c  a c i d ) .
The r e s u l t s  o f  t h e  a n i o n  e x c h a n g e  s t u d i e s  on s o l u t i o n s  
o f  a lu m in iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d  ( s e e  P a r t  1 1 ( b ) ,
T a b l e  21) showed t h a t  some s o r p t i o n  o f  a lu m in iu m  o c c u r r e d ,  j
b u t  s i n c e  t h e  am o u n ts  s o r b e d  w ere  s m a l l ,  no d e f i n i t e  c o n -  |
e l u s i o n s  c o u l d  be  draw n w i t h  r e g a r d  t o  t h e  n a t u r e  o f  t h e  j
if
co m p lex  o r  c o m p le x e s  s o r b e d .
A d d i t i o n  o f  h y d r o c h l o r i c  a c i d  t o  s o l u t i o n s  o f  
a lu m i n iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d  h a d  a  m arked  e f f e c t  
on t h e  s o r p t i o n  o f  a lu m in iu m  by  t h e  a n i o n  e x c h a n g e r  ( s e e  
P a r t  I I ( j ) ,  T a b le  2 2 ) .  The p r e s e n c e  o f  h y d r o c h l o r i c  a c i d  
a p p e a r s  t o  d e c r e a s e  t h e  s t a b i l i t y  o f  t h e  a n i o n i c  a lu m in iu m  
p h o s p h a t e  c o m p le x e s  an d  t h e y  a r e  c e r t a i n l y  much l e s s  s t r o n g l y  
s o r b e d  i n  i t s  p r e s e n c e .  I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  a n
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e x a c t l y  s i m i l a r  o b s e r v a t i o n  was made by Salmon (5 5 )»  when he  
f o u n d  t h a t  s o r p t i o n  o f  i r o n  an d  p h o s p h a t e  on a n  a n i o n - e x c h a n g e r  
d e c r e a s e d  r a p i d l y  on a d d i t i o n  o f  c h l o r i d e  i o n  t o  s o l u t i o n s  o f  
f e r r i c  p h o s p h a t e  i n  a q u e o u s  p h o s p h o r i c  a c i d .
I n  v i e w  o f  t h e  i n f e r e n c e s  j u s t  d raw n ,  s o r p t i o n  o f  
a lu m in iu m  on a n  a n i o n - e x c h a n g e r  f rom  s o l u t i o n s  c o n t a i n i n g  
a lu m in iu m  c h l o r i d e  and  e i t h e r  p h o s p h o r i c  a c i d  o r  sod ium  d i ­
h y d r o g e n  p h o s p h a t e  w o u ld  n o t  be  e x p e c t e d ya s  was i n  f a c t  
f o u n d  t o  be  t h e  c a s e .  The a m o un ts  o f  p h o s p h a t e  s o r b e d  i n  
c o m p e t i t i o n  w i t h  t h e  c h l o r i d e  i o n  w ere  a l s o  fo u n d  t o  be  s m a l l  
( s e e  P a r t  I l ( j ) ,  T a b l e s  19 an d  2 0 ) .
The s o r p t i o n  o f  in d iu m  a n d  p h o s p h a t e  on a n  a n i o n -  
e x c h a n g e r  f ro m  s o l u t i o n s  o f  i n d iu m  p h o s p h a t e  i n  p h o s p h o r i c  
a c i d  h a s  b e e n  shown t o  o c c u r  ( s e e  P a r t  I V ( j )  T a b le  43)*
H ow ever ,  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  c o u l d  n o t  be  
a c c o u n t e d  f o r  s a t i s f a c t o r i l y  by  t h e  m e th o d s  u s e d  p r e v i o u s l y ,  
a n d  a s  a  r e s u l t ,  a  new g e n e r a l  t r e a t m e n t  h a s  b e e n  d e v e l o p e d
u s i n g  a s  a  b a s i s  t h e  t r e a t m e n t  s e t  o u t  i n  t h e  r e v i e w  by
Salmon ( 5 6 ) .
I n  t h e  c a s e  o f  t h e  s o r p t i o n  o f  a  1 : 3  complex
( f o r m e d  b e tw e e n  a  t e r v a l e n t  i o n  a n d  a n  
a n i o n  d e r i v e d  f ro m  a  t r i b a s i c  a c i d  H^A) f o r  e x a m p le ,  i f
m o le s  o f  M s o r b e d  p e r  e q u i v a l e n t  o f  r e s i n
m o le s  o f  A s o r b e d  p e r  e q u i v a l e n t  o r e s i n
an d  i f ,  i n  t h e  a b s e n c e  o f  M, A i s  s o r b e d  a s  H^A^3~b)~ i o n s ,
I l l -
t h e n ,  f o r  one e q u i v a l e n t  o f  e x c h a n g e r ,
m o le s  o f  com plex  s o r b e d  r N
m o le s  o f  f r e e  s o r b e d
M
= N, -  3N,b _x,A ^  .
T h u s ,
' e q u i v a l e n t s  o f  com plex  s o r b e d  . r  (6 -q )N j j
e q u i v a l e n t s  o f  A s o r b e d  = ( 3 - b ) ( N A -  2N^)
a n d
t o t a l  e q u i v a l e n t s  s o r b e d  = N^( 3 b - q - 3 )  -t NA( 3 - b ) .
T h e r e f o r e ,  s i n c e  we a r e  d e a l i n g  w i t h  one e q u i v a l e n t  o f  
e x c h a n g e r ,  we h a v e ,
1 = NM( 3 b - q - 3 )  +  NA( 3 - b )  .............................................. . ( i v ) .
The v a l u e  o f  ( 3 —b ) f o r  p h o s p h o r i c  a c i d  may be  d e t e r ­
m in e d  f rom  a  s e r i e s  o f  e x p e r i m e n t s  on s o l u t i o n s  w h ic h  h a v e  
t h e  same p h o s p h o r i c  o x i d e  c o n c e n t r a t i o n s  a s  t h e  m e t a l  p h o s ­
p h a t e  s o l u t i o n s  b u t  c o n t a i n  no m e t a l  i o n .  I n  su c h  a  s e r i e s  
o f  e x p e r i m e n t s  i n  w h ic h  t h e  r e s i n  was w ashed  u n t i l  t h e  w ash ­
i n g s  w e re  f r e e  f rom  p h o s p h a t e ,  J a m e s o n  and  Sa lm on  f o u n d  t h e  
f o l l o w i n g  v a l u e s  ( T a b l e  45) f o r  t h e  m o le s  o f  p h o s p h a t e  s o r b e d  
p e r  e q u i v a l e n t  o f  e x c h a n g e r .
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TABLE 45.
S o r p t i o n  o f  p h o s p h a t e  by  A m b e r l i t e  I . R . A .  400 -P 0 ^  
f ro m  p h o s p h o r i c  a c i d  s o l u t i o n s .
S o l u t i o n
P 2°5 C a p a c i t yi n
m eq . /gm .
R e s i n
N* PO.
m o l e s t / e q .
P h o s p h a t e  s o r b e d ^
a s  HpPO. 
*
a s  HPQ^  
fo
( 3 - h )
5
10
15
20
1 . 9 3
1 . 8 4
2 .0 7
1 . 9 9
0 .6 5 4  
0 .  660 
0 .6 4 3  
0 .6 4 3
4 8 .3
4 8 .5
4 4 .5
4 4 .5
5 1 . 7
5 1 .5
5 5 .5
5 5 .5
1 .5 2 9
1 .5 1 5
1 .5 5 5
1 .5 5 5
% A s su m in g  t h a t  no P 0 ^ ~  ■*i s  s o r b e d .
— p —(N .B .  S i n c e  H^PO^ an d  HPO^ i o n s  a r e  b o t h  s o r b e d ; b h a s  a  
n o n - i n t e g r a l  v a l u e ) .
T h i s  g i v e s  a n  a v e r a g e  N’pn o f  0 . 6 5  a s  d o e s  i n c i d e n t a l l y  t h e i r
4
T a b l e  5b ( R e f . 57)  w h ic h  mean v a l u e  h a s  a c c o r d i n g l y  b e e n  u s e d  
i n  t h e  p r e s e n t  c a l c u l a t i o n s .  H e n c e ,  q may be  d e r i v e d  oh s u b ­
s t i t u t i n g  t h e  a p p r o p r i a t e  v a l u e s  o f  N^, an<i ^ i n  e q n . ( i v ) .
S i m i l a r  c a l c u l a t i o n s  h a v e  a l s o  b e e n  made a s s u m i n g  
1 : 2  o r  1 : 4  c o m p le x e s  t o  be  s o r b e d  ( i . e . f M H  A p ^ "* ^ ""  o r  
[mH 5 - q ) - )   ^ a n d  t h e  q v a l u e s  f o r  t h e s e  c a l c u l a t i o n s  a r e  
g i v e n  b e lo w  i n  T a b l e  4 6 ,  t o g e t h e r  w i t h  t h o s e  b a s e d  on eqn .  ( i v ) .
TABLE 46* .
S o l u t i o n q V a lu e s
■^po 1 : 2 l ; 3 1 :44 com plex com plex \ com plex
10 0 . 1 2 0 0 .7 1 9 0 .6 5 2 .1 5 3 . 6 5
20 0 .0 7 9 0 .6 9 3 0 . 5 0 2 .0 0 3 . 4 9
30 0 .0 4 9 0 .6 7 5 0 . 2 6 1 . 7 6 3 . 2 4
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When f r a c t i o n a l  v a l u e s  o f  q a r e  o b t a i n e d ,  i t  i s  
n e c e s s a r y  t o  c o n s i d e r  a s  t h e  m o s t  l i k e l y  o n e s  t h e  c o m p le x e s  
i n d i c a t e d  by t h e  w ho le  num bers  i m m e d i a t e l y  above  an d  b e lo w  
t h e  a c t u a l  q v a l u e ;  i . e . a s s u m i n g  a  1 : 2  com plex  t o  b e  s o r b e d ,
t h e  s o r p t i o n  o f  a  m i x t u r e  o f  t h e  c o m p lex e s [ l n ( P 0 4 ) 2] 3 - an d
^ I n H t P O ^ ^ J  i s  i n d i c a t e d ,  a s s u m i n g  1 : 3  c o m p lex ,  j lh E ^ P O ^  
i s  i n d i c a t e d ,  and  a s s u m in g  a  1 : 4  co m p lex ,  j ln H ^(P O ^ )^  and  
3 ( P 0 ^ ) J ^ ~  a r e  i n d i c a t e d .  The p e r c e n t a g e  o f  t h e  r e s i n  
c a p a c i t i e s  a c c o u n t e d  f o r  on t h e  a s s u m p t i o n  t h a t  e a c h  o f  t h e s e
a n d  o t h e r  c o m p le x e s  a r e  s o r b e d ,  h a v e  b e e n  c a l c u l a t e d .  The 
m e th o d  o f  c a l c u l a t i o n  i s  t o  s u b s t i t u t e  t h e  a p p r o p r i a t e  v a l u e s  
o f  Njj , N^, b a n d  q i n  t h e  r i g h t  h a n d  s i d e  o f  e q u a t i o n  ( i v )  
a n d  t h e n  m u l t i p l y  t h e  r e s u l t  by  100 t o  g i v e  t h e  p e r c e n t a g e  
c a p a c i t y .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  g i v e n  b e lo w  
i n  T a b l e  47 .  ■
TABLE 47.
P 2°5 1° A B C D E - . E G H ; I '
10 124 90 101 108 119 132 48 96 108
20 116 92 100 104 112 120 64 99 104
30 109 94 99 101 96 111 77 96 101
W h e re :
A =  [ l n ( P 0 4 ) 3] 6 - , B = [lnH3 ( P 0 4 ) 3] 3 " ,  C = [lnH2 ( P 0 4 ) 3]  4 _ ,
D - - [ l n ( P 0 4 ) 2] 3 - ,  E s InH (P 0 4 ) l 2“ , P = [ l n H 2 ( P 0 4 )
G = [ ln H 8 ( P 0 4 ) ^ ' , H  = [ l n H 4 ( P 0 4 ) 2  5" ,  I  = [ ln H 3 ( P 0 4 ) |  6 _ .
H e n c e ,  i f  i t  c a n  b e  a ssum ed  t h a t  one com plex  o n l y  
i s  s o r b e d  t o g e t h e r  w i t h  f r e e  p h o s p h a t e  i o n s , ' t h e n  i t  i s  m o s t
l i k e l y  t h a t  t h e  com plex  i s  J l h H ^ P O ^ ) ( 0 ) ,  s i n c e  t h e  
a s s u m p t i o n  o f  s o r p t i o n  o f  t h i s  a c c o u n t s  m o s t  s a t i s f a c t o r i l y  
f o r  t h e  c a p a c i t y  o f  t h e  r e s i n .  A n o t h e r  p o s s i b i l i t y  t o  b e  
c o n s i d e r e d  i s  t h a t  t h e  i o n  s o r b e d  i s  ^ ln H ^ ( P O ^ )^  ( H ) ,
a l t h o u g h  t h e  r e s u l t s  c a l c u l a t e d  f o r  t h e  r e s i n  c a p a c i t y  on 
t h i s  a s s u m p t i o n  a r e  c o n s i s t e n t l y  lo w .  Now i t  h a s  b e e n  p o i n t e d  
o u t  b y  Salmon ( 5 6 )  t h a t  t h e  e x c l u s i v e  s o r p t i o n  o f  a  co m p lex  
k ^ " ^ H v ( P 0 ^ ) wj ( 3 w - v - 3 ) -  ky  a n  a n x o n - e x c h a n g e r  w i l l  l e a d  t o  
t h e  e f f e c t i v e  s o r p t i o n  by  t h e  r e s i n  o f  w / ( 3 w - v - 3 )  m o le s  o f  
p h o s p h a t e  p e r  e q u i v a l e n t ,  w h i l s t  t h e  e x c l u s i v e  s o r p t i o n  o f  
f r e e  p h o s p h a t e  h a s  b e e n  f o u n d  t o  l e a d  t o  a  v a l u e  o f  0 .6 5  
m o le s  o f  p h o s p h a t e  p e r  e q u i v a l e n t  o f  f u l l y  w ashed  r e s i n .  F o r  
t h e  s o r p t i o n  o f  a  m i x t u r e  o f  co m p lex  an d  f r e e  p h o s p h a t e ,  t h e  
v a l u e  o f  m o le s  o f  p h o s p h a t e  s o r b e d  p e r  e q u i v a l e n t  o f  r e s i n  
w i l l  b e  one i n t e r m e d i a t e  b e tw e e n  t h e s e  e x t r e m e  v a l u e s ,  and  
w h ic h  c a n  be  d e d u c e d  f rom  t h e  r e l a t i v e  am o u n ts  o f  e a c h  p r e s e n t  
( i n  e q u i v a l e n t s )  by  s i m p l e  p r o p o r t i o n .  Thus t h e  r e l a t i o n s h i p
( 3 w - v - 3 ) N m. ( (3W-V-3) "  O .6 5 ) N , .
0 . 6 5  -t  t — 7— - — r — --------------- L  = A ............( v ) .
U765 ( h  " wNm) + (3w- v ~3 ) %
m u s t  be  s a t i s f i e d .
As c a n  b e  s e e n  f rom  T a b l e  4 8 , t h i s  i s  so f o r  com plex  C, 
b u t  n o t  f o r  c o m p lex  H w h ic h  a c c o r d i n g l y  d o e s  n o t  seem t o  be  
s o r b e d  t o  a n y  s i g n i f i c a n t  e x t e n t *
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TABLE 48.
na xi X2
m o le s  o f  p h o s p h a t e f o r  com plex  C f o r  com plex  H
s o r b e d  p e r  e q u i v .
0 .7 1 9 0 . 6 9 6 0 .7 4 3
0 .6 7 3 0 . 6 8 0 0 .7 1 1
0 .6 7 5 0 . 669 0 .6 8 7
V a l u e s  o f  X-^  a n d  X^ a r e  o b t a i n e d  by  s u b s t i t u t i o n  o f  
a p p r o p r i a t e  v a l u e s  i n  t h e  l e f t - h a n d  s i d e  o f  e q u a t i o n  ( v ) .
The a s s u m p t i o n  o f  t h e  s o r p t i o n  o f  com plex  0 , t h e r e f o r e 1* 
a c c o u n t s  m o s t  s a t i s f a c t o r i l y ,  b o t h  f o r  t h e  r e s i n  c a p a c i t y  and  
f o r  t h e  a m o u n ts  o f  p h o s p h a t e  s o r b e d  by  t h e  e x c h a n g e r .  I t  i s  
p o s s i b l e ,  h o w e v e r ,  t h a t  t h e  i o n  s o r b e d  i n i t i a l l y  i s  n o t  0 ,  
b u t  r a t h e r  t h e  j ln H ^(P 0 ^ )^ J  i o n ,  t o g e t h e r  w i t h  HgPO^" i o n s ,  
b u t  t h a t  on w a s h i n g  t h e  r e s i n  p r i o r  t o  e l u t i o n  t h e  f o l l o w i n g  
r e a c t i o n s  o c c u r s -
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  J J  Q  '
[lnH3 ( P 0 4 ) 3j 3 -  +  H2P04~ £ - »  jlnH2 (P 0 4 ) J 4~ +  t y o ^ q
a n d  2H2P 0 4"  ___ ^  H ,P 0 4a q  +  HP04 2 -
— ? —The l a t t e r  r e a c t i o n  j p r o c e e d s .  u n t i l  t h e  r a t i o  H^PO^ : HPO^ 
i s  1 : 1 ,  a s  h a s  b e e n  p o i n t e d  o u t  a b o v e .  The com plex  p r e s e n t  i n  
t h e  r e s i n ,  a f t e r  w a s h i n g ,  i s . t h e r e f o r e  C.
I n  t h e  a n i o n - e x c h a n g e  e x p e r i m e n t s  w i t h  s o l u t i o n s  
c o n t a i n i n g  i n d iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d ,  no a p p r e c i a b l e  
s o r p t i o n  o f  i n d iu m  on t h e  r e s i n  was f o u n d  t o  o c c u r  ( s e e
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P a r t  IV ( J )  T a b le  4 2 ) .  T h i s  i s  n o t  u n e x p e c t e d  when t h e  
r e s u l t s  o f  Salmon ( 5 5 )  f o r  s o l u t i o n s  c o n t a i n i n g  f e r r i c  
c h l o r i d e  an d  p h o s p h o r i c  a c i d  a r e  c o n s i d e r e d ,  t o g e t h e r  w i t h  
t h o s e  o f  t h e  c o r r e s p o n d i n g  e x p e r i m e n t s  w i t h  s o l u t i o n s  o f  
a lu m in iu m  c h l o r i d e  an d  p h o s p h a t e  d i s c u s s e d  a b o v e .  The v e r y  
 ^ s m a l l  s o r p t i o n  o f  i n d iu m  w h ich  d i d  o c c u r  was p r o b a b l y  due 
t o  s o r p t i o n  o f  c h l o r o - c o m p l e x e s .
I n  s t u d i e s  o f  t h e  e q u i l i b r i u m  b e tw e e n  Zeo Karb  225 
i n  t h e  h y d r o g e n  fo rm  and  s o l u t i o n s  c o n t a i n i n g  a lu m in iu m  
c h l o r i d e  and  p h o s p h o r i c  a c i d ,  no p h o s p h a t e  was f o u n d  t o  be  
s o r b e d  on the :  : r e s i n .  T h i s  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  o f  
Sa lmon ( 5 5 )  f o r  c a t i o n - e x c h a n g e  s t u d i e s  on  m i x t u r e s  o f  f e r r i c  
c h l o r i d e  and  p h o s p h o r i c  a c i d  s o l u t i o n s ,  i n  w h ic h  he  o b t a i n e d  
a p p r e c i a b l e  s o r p t i o n  o f  p h o s p h a t e ,  w h ic h  he  showed t o  be  
s o r b e d  a s  i o n s  s u c h  a s  FeHPO^ . However ,  i n  a n o t h e r  s e r i e s  
o f  e x p e r i m e n t s  i n  w h ic h  sod ium  d i h y d r o g e n  p h o s p h a t e  r e p l a c e d  
t h e  p h o s p h o r i c  a c i d  s o l u t i o n  i n  t h e  m i x t u r e s  w i t h  a lu m in iu m  
c h l o r i d e  s o l u t i o n ,  t h e  s o r p t i o n  o f  p h o s p h a t e  was o b s e r v e d  
( s e e  P a r t  I I  ( j )  T a b l e  1 7 ) .
I t  w ou ld  seem t h a t  c a t i o n i c  a lu m in iu m  p h o s p h a t e  com- 
p l e x e s  a r e  l e s s  s t a b l e  t h a n  t h e  f e r r i c  p h o s p h a t e  c o m p le x e s  
a n d  a r e  more s e n s i t i v e  t o  pH c h a n g e s .  T h i s  l a s t  p o i n t  i s  o f  
i n t e r e s t  s i n c e  J a m e s o n  and  Sa lmon ( 5 8 ) ,  i n  t h e i r  s t u d i e s  o f  
t h e  a lu m in iu m  p h o s p h a t e s  h a d  f a i l e d  t o  s e p a r a t e  a lu m in iu m  
f ro m  p h o s p h a t e  on  a  c a t i o n - e x c h a n g e  co lum n.  The r e s u l t s  o f  
t h e  p r e s e n t  work w o u ld  a p p e a r  t o  i n d i c a t e  t h a t  s u c h  a  s e p a r a ­
t i o n  s h o u l d  b e  p o s s i b l e ,  b u t  o n l y  i f  t h e  pH w ere  k e p t  low
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enough  t o  i n h i b i t  com plex  f o r m a t i o n ,  b u t  n o t  so low  a s  t o  
p r e v e n t  t h e  s o r p t i o n  o f  a lu m in iu m  by  t h e  c a t i o n - e x e h a n g e r  
( s e e  P a r t  I I  ( j )  T a b le  1 6 ) .  A l o n g e r  co lum n t h a t "  u s u a l  w ould
s '
be  r e q u i r e d  t o  a l l o w  f o r  t h e  d e c r e a s e d  e f f i c i e n c y  o f  s o r p t i o n
o f  a lu m in iu m  a t  low  pH v a l u e s .  A t t e m p t s  t o  a c c o u n t  i n  t h e
u s u a l  m ann e r  ( c . f .  J am eso n  an d  Salmon ( 5 7 ) )  f o r  t h e  s o r p t i o n  j
o f  p h o s p h a t e  i n  t h e  e x p e r i m e n t s  d i s c u s s e d  abov e  met  w i t h  l i t t l s
s u c c e s s .  A new g e n e r a l  t r e a t m e n t  was d e v e l o p e d  t h e r e f o r e , u s i n g
a s  a  b a s i s  t h e  i d e a s  s e t  o u t  i n  Dr .  J . E . S a l m o n ' s  r e c e n t
r e v i e w  o f  i o n - e x c h a n g e  ( 5 6 ) .
I f  - m o l e s  o f  m e t a l  s o r b e d  p e r  e q u i v . o f  e x c h a n g e r
Npo * m o le s  o f  p h o s p h a t e  s o r b e d  p e r  e q u i v .
4 o f  e x c h a n g e r
a n d ,  i f ,  i n  t h e  a b s e n c e  o f  p h o s p h a t e  t h e  r e s i n  i s  s a t u r a t e d
b y  m o le s  o f  m e t a l  i o n  ( i . e .  pN^ * 1 w he re  p i s  t h e
e f f e c t i v e  c h a r g e  on t h e  f r e e  m e t a l  i o n s )
t h e n  1
P -  .......  ....................................... . ( v i ) .
N-*
M
F o r  a  t e r v a l e n t  m e t a l  i o n  p i s  i d e a l l y  3 ,  b u t  i f  M(OH)^*"
o r  o t h e r  s i m i l a r  i o n s  a r e  s o r b e d ,  t h e n  l o w e r  v a l u e s  a r e  
o b t a i n e d  a s  i n d i c a t e d  b e lo w .
I f  s o r b e d  p «  3 n
M(OH) ^ s o r b e d  p r  2 
M(0H)"!p s o r b e d  p * 1
f  o r  i n t e r m e d i a t e  v a l u e s  
J f o r  s o r p t i o n  o f  
1 m i x t u r e s  o f  t h e s e .
I f  p h o s p h a t e  i s  s o r b e d  t o g e t h e r  w i t h  t h e  m e t a l  a s  a  1 s i  
c o m p le x [ mHxP O ^  ^ t o g e t h e r  w i t h  f r e e  m e t a l  i o n §
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i
t h e n  f o r  one e q u i v a l e n t  o f  e x c h a n g e r ,  !
m o le s  o f  f r e e  m e t a l  i o n  s o r b e d  j
=• ( t o t a l  m e t a l  s o r b e d )  -  ( m e t a l  s o r b e d  a s  com plex )
%  NP04 j
II
( s i n c e  f o r  a  1 : 1  c o m p le x ,  m e t a l  i n  com plex  i s  t h e  same a s  j
p h o s p h a t e  i n  c o m ple^ .  |
T h e r e f o r e ,  e q u i v a l e n t s  o f  f r e e  m e t a l  i o n  s o r b e d
=  p ( %  " np o 4 )
How e q u i v a l e n t s  o f  com plex  s o r b e d  * xNpn
4
T h e r e f o r e ,  t o t a l  s o r b e d  * 1 e q u i v a l e n t  * P( -%  ~ %>o )-fxNpQ
4 4
* P %  -  (p -x jNpQ
4
S i m i l a r  e q u a t i o n s  may b e  d e d u c e d  f o r  c o m p le x e s  o t h e r  t h a n  t h e
1 : 1  co m p lex  j u s t  c o n s i d e r e d  an d  a  g e n e r a l  e q u a t i o n  o f  t h e  t y p e
pNM -  qUpQ = 1 ...................................................... ( v i i )
i s  f o u n d  t o  a p p l y .
The s i g n i f i c a n c e  o f  p i s  t h a t  a s s i g n e d  a b o v e ,  w h i l s t
t h a t  o f  q i s  d i s c u s s e d  b e lo w .
Prom ( v i i )  i t  may b e  f u r t h e r  d e d u c e d  t h a t
pNM ~ 1 
q *©• # • • © * • • ( v i n )
NP ° 4
a n d  v a l u e s  o f  q may b e  d e r i v e d  f ro m  t h i s  e x p r e s s i o n .
Now, f o r  p - 3 i t  i s  f o u n d  t h a t :
q r  1 f o r  c o m p le x e s  c o n t a i n i n g  H2PO^ g r o u p s  
q s  2 f o r  c o m p le x e s  c o n t a i n i n g  HPO^ g r o u p s ,  
b u t  h i g h e r  v a l u e s  a p p l y  o n l y  t o  p o l y n u c l e a r  c o m p le x e s
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c o n t a i n i n g  PO^ g r o u p s  o r  p h o s p h a t o -  and  h y d r o x o -  g r o u p s .
W h i l s t  p i s  n o m i n a l l y  3 f o r  a lu m in iu m ,  t h i s  was n o t  
f o u n d  t o  h e  so  f o r  e x p e r i m e n t s  w he re  no p h o s p h a t e  was s o r b e d .  
T h e r e f o r e ,  t h e  p ’ u s e d  i n  c a l c u l a t i o n s  c o r r e s p o n d s  t o  t h e  
s o r p t i o n  o f  a  m i x t u r e  o f  A1 i o n s  and  h y d r o x y -  com plex  i o n s  
o f  a lu m in iu m .  The v a l u e  o f  p a f f e c t s  q ,  a s  c a n  be  s e e n  i n  t h e  
c a s e  o f  t h e  1 : 1  com p lex  t r e a t e d  above  w h e re  q » p -  x .
T h u s ,  f o r  e x a m p le ,  
i f  Al^"** a n d  AlHPO^ i o n s  a r e  s o r b e d ,  p -  3*
Now, p(NA1 -  Np0  ) + Np0  s  1  ..................( i x )
4 4
t h e r e f o r e ,  s u b s t i t u t i n g
3Na1  -  2Np o ^ *' 1
f o r  w h ic h  q * 2 (b y  c o m p a r i s o n  w i t h  e q u a t i o n  ( v i i ) )  
b u t  i f  A l(O H )^*and  AlHPO^" i o n s  a r e  s o r b e d  p 1 * 2
a n d  s u b s t i t u t i n g  i n  ( v i )  f o r  p * p* s. 2
we h a v e
2Na i  -  1 np o 4 = 1
an d  q = 1 .
T hu s ,  f o r  t h e  same co m p lex ,  we h a v e  two v a l u e s  o f  q ,  i . e .  q 
v a r i e s  w i t h  p .
Prom e q u a t i o n  ( v i )  t h e  v a l u e  o f  p* was fo u n d  e x p e r i ­
m e n t a l l y  t o  b e  2 .8 9  f o r  a lu m in iu m ,  u s i n g  v a l u e s  o f  N^ ( a l u ­
m in ium  s o r b e d )  i n  T a b l e  16 .  U s in g  t h i s  v a l u e  o f  p ’ , and  s u b ­
s t i t u t i n g  i n  e q u a t i o n  ( v i i i )  v a l u e s  o f  q h a v e  b e e n  o b t a i n e d  
f o r  t h e  e x p e r i m e n t a l  r e s u l t s ,  and  t h e s e  a r e  r e c o r d e d  b e lo w
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i n  T a b le  49 ,  f o r  t h e  c a s e s  w h e re  pN^ > 1 ( i n  o t h e r  c a s e s  i t  
m u s t  b e  assum ed  t h a t  t h e  r e s i n  i s  n o t  s a t u r a t e d ,  w h ic h  i s  
l i k e l y  t o  o c c u r  a t  t h e  h i g h e r  PO^ : A1 r a t i o s  w he re  t h e  
f o r m a t i o n  o f  n o n - s o r b a b l e  a n i o n i c  c o m p le x e s  i s  p r o b a b l e ) .
TABLE 49.
pH P04x r 9.
p o s s i b l e
com plex
1
q f o r  
com plex  
(p  2 . 8 9 )
1 . 1 3 1 . 0 4 3 . 4 d 3 . 3 5
1 . 1 8 1 . 0 4 4 . 6 b 4^8
1 . 1 9 1 . 0 4 3 . 6 c o r  d 3 . 8  o r  3 .3 5
1 . 2 9 1 . 0 4 3 . 6 c o r  d 3 . 8  o r  3 -35
1 . 3 4 1 . 0 4 4 . 9 b 4 . 8
1 . 4 7 0 . 9 6 2 . 7 a 2 .8
1 . 4 5 1 . 0 4 4 . 9 c 4 . 8
1 . 4 5 1 . 2 0 5 . 6 c 4 . 8
1 . 5 2 1 . 4 0 3 . 9 e 3 .8 5
1 . 6 0 1 . 7 5 3 . 6 c 3 . 8 0
1 . 7 1 2 . 0 8 2 . 0 f 2 .2 3
1 . 8 2 2 .7 3 1 . 3 9
a  * [M2(P04)j 34\  | m2(P04)(0H)' 2 + c - e2 ( p o 4 ) ( oh ) 2
d* j M , ( P 0 „ ) o (0H)4 2
2+ »e- i3 ( p o 4 ) 2 ( o h ) 2 , f= i3(po4)2(h2po4)>]
I n  e a c h  c a s e  a  co m p lex  f o r  w h ic h  t h e  v a l u e  o f  q (p  = 2 . 8 9 )  i s  
c l o s e  t o  t h a t  c a l c u l a t e d ,  h a s  b e e n  i n d i c a t e d .  The i o n s  p o s t u ­
l a t e d  a r e  t h o s e  h a v i n g  b r i d g e  g r o u p s ,  w i t h  ( i n  some
c a s e s )  -OH o r  - H 2P0^ t e r m i n a l  g r o u p s ;  s e v e r a l  o f  them c a n  be  
g i v e n  a l t e r n a t i v e  s t r u c t u r e s  w i t h  -HPO^- b r i d g e  g r o u p s .
A t t e m p t s  t o  c a l c u l a t e  t h e  p e r c e n t a g e  o f  t h e  r e s i n  
c a p a c i t y  a c c o u n t e d  f o r  i n  t e r m s  o f  t h e - v a r i o u s  i n d i v i d u a l  
c o m p le x e s  g i v e  r e s u l t s  q u i t e  c l o s e  t o  100 $  an d  v e r y  c l o s e  t o
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e a c h  o t h e r .  I t  i s ,  t h e r e f o r e ,  n o t  p o s s i b l e  t o  d i s t i n g u i s h  
b e tw e e n  t h e  v a r i o u s  p o s s i b i l i t i e s ,  b u t  n e v e r t h e l e s s ,  t h e  
f o r m a t i o n  o f  p o l y n u c l e a r  c o m p le x e s  i s  c l e a r l y  i n d i c a t e d .  As 
a n  exam ple  o f  t h e  d e r i v a t i o n  o f  t h e  q v a l u e s  q u o t e d  f o r  t h e  
v a r i o u s  c o m p le x e s ,  t h e  m eth od  o f  c a l c u l a t i o n  u s e d  f o r  t h e  i o n  
MoP0 ,  ( a )  may b e  c o n s i d e r e d .  F o r  t h i s[■2 4j
f r e e  m e t a l  on t h e  r e s i n  z (N^ -  2NpQ ) m o le s .
= P ( %  -  2Np o ^)  e q u i v s .
a n d  c o m p lex  on t h e  r e s i n  ~ 3NpQ e q u i v s .
4
T h e r e f o r e ,  f o r  one e q u i v .  o f  r e s i n  -
p ( %  -  2Np 0 ^ )  +  3Np0 ^ ^ 1
o r  pNM -  Np o ^ ( 2 p  -  3) -  1
T h u s ,  c o m p a r in g  w i t h  e q u a t i o n  ( v i i ) .
q -  2p -  3
an d  f o r  p - 2 . 8 9 ,  q -  2 .7 8  ( i . e .  q = 2 . 8 ) .
C a t i o n - e x c h a n g e  s t u d i e s  o f  s o l u t i o n s  c o n t a i n i n g .  |
i n d iu m  c h l o r i d e  a n d  p h o s p h o r i c  a c i d  ( s e e  P a r t  IV ( j )  T a b l e  4 0 ) , 1 
h a v e  shown c o n s i d e r a b l e  s o r p t i o n  o f  p h o s p h a t e  t o  o c c u r  on t h e  
c a t i o n - e x c h a n g e r  Zeo K arb  225.  As d i s c u s s e d  e a r l i e r ,  t h e  
i n f l u e n c e  o f  c h l o r o - e o m p l e x e s  was l i k e l y  t o  be  i m p o r t a n t ,  
an d  t h i s  h a s  b e e n  f o u n d  t o  b e  s o .  T h u s ,  i n  t h e  e x p e r i m e n t s  
i n  w h ic h  no p h o s p h a t e  was p r e s e n t  t h e  am ou n ts  o f  i n d iu m  s o r b e d  
on t h e  r e s i n  w ere  f o u n d  t o  be  g r e a t e r  t h a n  t h a t  e x p e c t e d  f o r
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s o r p t i o n  o f  I n ^ ^ i o n s .  No c h l o r i d e  w a s ,  i n  f a c t ,  f o u n d  i n  t h e  
e l u a t e  f ro m  t h e  r e s i n ,  b u t  a s  d e s c r i b e d  i n  P a r t  IV, d u r i n g  
t h e  p r o c e s s  o f  w a s h i n g  b e f o r e  e l u t i o n ,  c o n s i d e r a b l y  more 
c h l o r i d e  i o n  was f o u n d  i n  t h e  w a s h i n g s  t h a n  w ould  b e  e x p e c t e d , |  
w h i l s t  o n l y  t r a c e s  o f  in d iu m  w ere  f o u n d .  A lm os t  c e r t a i n l y ,  
t h e  c h l o r i d e  i o n  f o u n d  i n  t h e  w a s h i n g s  was p r o d u c e d  by  h y d r o ­
l y s i s  o f  c h l o r o - c o m p l e x e s  l e a v i n g  h y d r o x y - c o m p l e x e s  s o r b e d  on 
t h e  r e s i n  i n  t h e i r  s t e a d : -
I n C l 2+ + HpO — 9  I n (O H )2+ +  C l "  -f H+
The o c c u r r e n c e  o f  c h l o r o - c o m p l e x e s  d o e s  n o t  a f f e c t , t h e r e f o r e ,  
t h e  t r e a t m e n t  o f  t h e  r e s u l t s  by t h e  m ethod  d i s c u s s e d  p r e v i o u s ­
l y  an d  a g a i n  t h e  v a l u e  o f  p ’ i s  l e s s  t h a n  3 ( p 1 -  2 . 8 3 ) .
However ,  i n  some e x p e r i m e n t s  i n  w h ic h  i n d iu m  n i t r a t e  
s o l u t i o n  was u s e d  i n s t e a d  o f  i n d iu m  c h l o r i d e  s o l u t i o n ,  a  v a l u e  
o f  p a p p r o x i m a t e l y  e q u a l  t o  3 ( 2 . 9 6 )  was o b t a i n e d .  T h i s  
c o n f i r m s  t h a t  t h e  l o w e r  v a l u e  o f  p o b t a i n e d  i n  t h e  e x p e r i ­
m e n t s  u s i n g  in d iu m  c h l o r i d e  was due t o  i n i t i a l  s o r p t i o n  o f  
c h l o r o - c o m p l e x e s ,  an d  n o t  h y d r o x y - c o m p l e x e s .
F o r  b o t h  s e r i e s  o f . e x p e r i m e n t s ,  t h e  c o r r e s p o n d i n g  q 
v a l u e s  w e re  c a l c u l a t e d  ( a c c o r d i n g  t o  t h e  m eth o d  d e s c r i b e d  
a b o v e ) ,  an d  a r e  g i v e n  i n  T a b l e s  50 a n d  51 b e lo w .
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TABLE 50.
In d iu m  C h l o r i d e  E x p e r i m e n t s .
pH ' l > ° J
[ in ]
1
p o s s i b l e
co m plex
q f o r  
co m p le x  
(p  * 2 . 8 3 )
1 . 2 0 0 .3 3 3 . 9 e 3 . 7
1 . 1 4 0 .7 5 3 . 0 d 3 . 2
1 . 1 0 1 . 2 9 3 . 7 e 3 . 7
1 . 0 5 2 . 0 0 2 . 7 c 2 . 7
1 . 0 7 2 . 0 0 3 . 2 d 3 . 2
1 . 1 1 7 . 0 0 2 . 2 b 2 .3
TABLE 51.
In d iu m  N i t r a t e  E x p e r i m e n t s .
pH K 1
[ i n ]
p o s s i b l e
com plex
q f o r  
com plex  
( p  = 3 . 0 0 )
1 . 0 1 0 . 3 3 7 . 5 ? _
0 . 9 6 0 .7 5 4 . 8 a 5 . 0
0 . 9 2 1 . 2 9 3 . 9 e 4 . 0
0 .9 3 2 .0 0 3 . 3 d 3 . 5
a j M 2 ( P 0 4 ) ( 0 H ) 2] ' f\ t > =  [ m 2 ( P 0 4 ) ( H P 0 4 ) ] *  , c =  j M 3 ( P 0 4 ) 2j 3 + ,
a* ^M3(P04)2(0H)j 2+, e* |m3(P04)2(0H)21
I t  w i l l  a g a i n  be  s e e n  t h a t  t h e  r e s u l t s  a r e  a c c o u n t e d  f o r  m o s t  
s a t i s f a c t o r i l y  on t h e  a s s u m p t i o n  t h a t  p o l y n u c l e a r  i n d iu m  !
p h o s p h a t e  c o m p le x e s  a r e  so rbed . '
I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  r e s u l t s  o b t a i n e d  
a b o v e  a r e  v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  t h e  a lu m in iu m  
e x p e r i m e n t s ,  i n  t h a t  u n d e r  s i m i l a r  c o n d i t i o n s  f o r  t h e  two 
s y s t e m s  i t  h a s  p r o v e d  n e c e s s a r y  t o  p o s t u l a t e  s i m i l a r  c o m p le x e s .
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V (b) pH -T itration  S tu d ie s »
A number o f  w o r k e r s  h a v e  made p H - t i t r a t i o n  s t u d i e s  o f
v a r i o u s  s y s t e m s .  As d e s c r i b e d  i n  P a r t  I I  ( a ) ,  B j e r r u m  and  
Dahm ( 5 9 )  ( i n  c o n j u n c t i o n  w i t h  o t h e r  s t u d i e s )  h a v e  made pH- 
m e a s u r e m e n ts  on s o l u t i o n s  c o n t a i n i n g  a lu m in iu m ,  c h l o r i d e  and
t h e  f e r r i c  c h l o r i d e  -  p h o s p h o r i c  a c i d  s y s t e m .  U s in g  s i m i l a r  
m e t h o d s ,  H o l r o y d  an d  Salmon ( 5 4 )  h a v e  shown t h a t  p h o s p h a t e
co m p lex  f o r m a t i o n  o c c u r s  i n  s o l u t i o n s  o f  v a r i o u s  t e r v a l e n t  
m e t a l  s u l p h a t e s  w i t h  p h o s p h o r i c  a c i d .
c r i b e d  i n  P a r t s  I I  ( d )  and  IV ( d ) ,  p H - t i t r a t i o n  s t u d i e s  w i t h  
p h o s p h o r i c  a c i d  h a v e  b e e n  made on  s o l u t i o n s  o f  a lu m in iu m  s a l t s  
n am e ly  t h e  c h l o r i d e ,  n i t r a t e  a n d  s u l p h a t e ,  and  on s o l u t i o n s  
o f  i n d iu m  c h l o r i d e  a n d  n i t r a t e .  I n  m o s t  c a s e s  t h e  e f f e c t  o f  
a d d i t i o n  o f  n i t r a t e ,  c h l o r i d e  a n d  s u l p h a t e  i o n s  t o  t h e s e  
s o l u t i o n s  was s t u d i e d .
i s  p o s t u l a t e d ,  i t  f o l l o w s  t h a t  i f  com plex  f o r m a t i o n  o c c u r s  
t h e r e  w i l l  b e  a  co m m en su ra te  i n c r e a s e  i n  h y d r o g e n  i o n  c o n ­
c e n t r a t i o n .  I f  t h e  e q u i l i b r i u m  l i e s  o v e r  t o  t h e  l e f t ,  t h e n  
t h e  i n c r e a s e  i n  h y d r o g e n  i o n  c o n c e n t r a t i o n  on a d d i t i o n  o f  
p h o s p h o r i c  a c i d  w i l l  b e  due l a r g e l y  t o  t h e  f r e e  h y d r o g e n  i o n s
p h o s p h a t e  i o n s ,  an d  Salmon ( 5 5 )  made n um erous  p H - s t u d i e s  o f
I n  t h e  p r e s e n t  w ork ,  o f  w h ic h  t h e  r e s u l t s  a r e  d e s -
I f  a n  e q u i l i b r i u m  o f  t h e  t y p e
h3p o 4 ^
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p r e s e n t  i n  s o l u t i o n s  o f  t h a t  a c i d .
F o r  t h e  s a k e  o f  c o m p a r i s o n  t h e  p H - t i t r a t i o n  "between 
p o t a s s i u m  s u l p h a t e  and  p h o s p h o r i c  a c i d  ( r e p o r t e d  by  H o l r o y d  
an d  Salmon ( 5 4 ) )  i s  i n c l u d e d  i n  F i g .  16 .  I t  w i l l  he  s e e n  f rom  
t h e  p l o t  o f  & ( h * ] / ( m J  a g a i n s t  i n  t h i s  f i g u r e  (w h e re
&jk*]  r e p r e s e n t s  t h e  i n c r e a s e  i n  h y d r o g e n  i o n  c o n c e n t r a t i o n ,  
a s  com pared  w i t h  t h a t  o f  t h e  o r i g i n a l  s o l u t i o n ,  a t  any  g i v e n
c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  o f  p o t a s s i u m ,  w h ic h  i s  known 
t o  e x h i b i t  l i t t l e  o r  no com plex  f o r m a t i o n  ( 5 4 ) .  The d e c r e a s e  
i n  pH i n  t h i s  c a s e  r e s u l t s  f ro m  t h e  s l i g h t  i o n i z a t i o n  o f  t h e  
p h o s p h o r i c  a c i d  a d d e d .  H ence ,  i t  may be  i n f e r r e d  t h a t  t h e r e  
i s  a  c o n s i d e r a b l e  d e g r e e  o f  com plex  f o r m a t i o n  b e tw e e n  
a lu m in iu m  an d  i n d iu m  i o n s  on t h e  one h a n d ,  and  o£ p h o s p h a t e  
i o n s  on t h e  o t h e r .
l i k e l y  t o  o c c u r ,  t h e  i n t e r p r e t a t i o n  i s  more d i f f i c u l t .  Now, 
i n  s t u d i e s  by  Salmon ( 5 5 ) ,  e v i d e n c e  i n  s u p p o r t  o f  t h e  e x i s t ­
e n ce  o f  fFeHPO^l i o n s  f o u n d  t o  b e  s o r b e d  (b y  a  c a t i o n -
e x c h a n g e r  f ro m  s o l u t i o n s  c o n t a i n i n g  f e r r i c  c h l o r i d e  and  
p h o s p h o r i c  a c i d )  was p r o v i d e d  by  p H - t i t r a t i o n  r e s u l t s .  T hese  
showed t h a t  t h e r e  was a n  i n i t i a l  s l o p e  o f  2 i n  a  p l o t  o f
v a l u e  o f t h a t  a lu m in iu m  and  in d iu m  h a v e  a  s l o p e
I n  t h e  c a s e  o f  a lu m in iu m  an d  in d iu m ,  w here  t h e  forma'  
t i o n  o f  p o l y n u c l e a r  c o m p le x e s  s u c h  a s
w h ic h  c o r r e s p o n d e d  t o  t h e
f o l l o w i n g  r e a c t i o n s
FeC l 3 [FeHP04
F l G r . I L . H - T iTRBjtorJ S t u d » £ s
VflRlOOS tfETpL S A L T  SOL.UTtort$ rtTRf}n=T> Wirt* 
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i . e .  f o r  e v e r y  m ole  o f  p h o s p h o r i c  a c i d  a d d e d ,  two h y d r o g e n
i o n s  a r e  l i b e r a t e d  p e r  i r o n  a tom .
F o r  a lu m in iu m ,  w he re  f ro m  t h e  i o n - e x c h a n g e  r e s u l t s
i t  w ou ld  a p p e a r  t h a t  i o n s  s u c h  a s  ^Mg(PO^)(0H)^ |  a p p e a r  t o
h e  f o r m e d ,  t h e  f o l l o w i n g  e q u i l i b r i a ,  a r e  p r o b a b l y  i n v o l v e d , 0-
2M3* + 2H20 + H3P04 | m2(P04)(0H)21 4- 5H+ . . . ( i a )
2M(0H)2+ '+ H3P04 fssit |m2 ( P 0 4 ) ( 0 H ) J |  +  3H"* . . . . . ( i b )
2M(0H)2 +. H3P04 ?SS& jM2(P04)(0H)2j * +  H+ +  2H20  ( i o )
I f  a n y  o f  t h e s e  e q u i l i b r i a  a r e  i n  f a c t  i n v o l v e d ,  t h e n  up t o  
t h e  p o i n t  a t  w h ic h  i  a  m ole  o f  p h o s p h o r i c  a c i d  h a s  b e e n  ad d ed  
p e r  m ole  o f  a lu m in iu m  c h l o r i d e ,  t h e  s l o p e  s h o u l d  be  5 ,  3> o r  1 
r e s p e c t i v e l y  -  a s s u m i n g  t h a t  s u c h  e q u i l i b r i a  l i e  w e l l  o v e r  t o  
t h e  r i g h t  i n  e a c h  c a s e .  I n  p o i n t  o f  f a c t ,  f o r  a lu m in iu m ,  t h e  
s l o p e  i s  l i t t l e  g r e a t e r  t h a n  1 .  T h i s  m i g h t  i n d i c a t e  e i t h e r  
t h a t  e q u i l i b r i u m  ( i c )  p r e d o m i n a t e s  o r  t h a t  e q u i l i b r i a  ( i a )  
a n d  ( i b )  a r e  i m p o r t a n t  b u t  do n o t  l i e  f a r  o v e r  t o  t h e  r i g h t  
h a n d  s i d e .  A f u r t h e r  c o m p l i c a t i o n  m ig h t  b e  t h e  r e m o v a l  o f  
h y d r o g e n  i o n s , l i b e r a t e d  b y ,  f o r  e x am p le ,  r e a c t i o n  ( i a )^  by  
t h e  f o l l o w i n g  e q u i l i b r i u m s -
M(OH) 2*aq  +  M^*aq . . . . ( i i )
Somewhat s i m i l a r  c o n s i d e r a t i o n s  a p p l y  t o  t h e  r e s u l t s  f o r  t h e  
p H - t i t r a t i o n s  o f  i n d iu m  n i t r a t e  s o l u t i o n s .  H e r e ,  h o w e v e r ,  i t  
w o u ld  seem t h a t  e q u i l i b r i a  o f  t y p e s  ( i a )  a n d  ( i b )  m u s t  be  
more i m p o r t a n t  f o r  t h e  s l o p e  o f  t h e  1 /  CM1 v e r s u s  Jp O ^ / £ mJ
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p l o t  i s  s i g n i f i c a n t l y  g r e a t e r .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  
c a t i o n - e x c h a n g e  e x p e r i m e n t s  w h ic h  do n o t  i n d i c a t e  t h e  p r e s e n c e  
o f  s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  h y d r o x y l a t e d  in d iu m  i o n s  s u c h  
a s  In(OH) t  ,
F o r  i n d iu m  c h l o r i d e  s o l u t i o n ,  h o w e v e r ,  t h e  i n i t i a l  
s l o p e  f o r  t h e  A ( h* 3 /  [m]  p l o t  a g a i n s t  i-s f o u n d  t o  be
e v en  l e s s  t h a n  t h a t  o b t a i n e d  f o r  a lu m in iu m  c h l o r i d e .  T h i s  
f u r t h e r  d e c r e a s e  i s  p r o b a b l y  due t o  t h e  p r e s e n c e  o f  i n d iu m  
c h l o r o - c o m p l e x e s ,  w h ic h  w ere  i n d i c a t e d  i n  t h e  i o n - e x c h a n g e  
s t u d i e s  d e s c r i b e d  i n  t h e  p r e s e n t  w o rk ,  and  a l s o  by  p r e v i o u s  
a u t h o r s  a s  m e n t i o n e d  i n  P a r t  IV ( a ) .  The e q u i l i b r i a
I n 3**" I n C l 2 "*’ I n C l ^    ( i i i ) .
c e r t a i n l y  p l a y  some p a r t ,  an d  w o u ld  l e a d  t o  l e s s  f r e e  i n d iu m  
i o n s  b e i n g  a v a i l a b l e  t o  r e a c t  a c c o r d i n g  t o  . ( i a ) , c o n s e q u e n t l y  
l e s s  r e l e a s e  o f  h y d r o g e n  i o n  o c c u r s .  A lso  p a r t  o f  t h e  s m a l l e r  
r e l e a s e  o f  h y d r o g e n  i o n  i s  p r o b a b l y  c a u s e d  by  a  r e a c t i o n  o f  
t h e  t y p e  i n d i c a t e d  by  ( i i ) .
The r e s u l t s  o f  t h e  e x p e r i m e n t s  i n  w h ic h  a d d i t i o n s  o f  
v a r i o u s  s a l t s  w e re  made t o  t h e  m e t a l  s o l u t i o n s  b e f o r e  t i t r a ­
t i o n  w i t h  p h o s p h o r i c  a c i d  a r e  i n  a g r e e m e n t  w i t h  t h e  c o n c l u s ­
i o n s  j u s t  r e a c h e d .  A d d i t i o n  o f  more o f  t h e  i o n  a l r e a d y  p r e s e n t  
( i . e .  a d d i t i o n  o f  c h l o r i d e  a s  sod ium  c h l o r i d e  t o  a lu m in iu m  
c h l o r i d e  s o l u t i o n )  a s  e x p e c t e d  h a d  l i t t l e  e f f e c t .  I t  i s  o f  
i n t e r e s t ,  h o w e v e r ,  t o  n o t e  t h a t  w h e n e v e r  c h l o r i d e  i o n  was 
a d d e d  t o  i n d iu m  s a l t  s o l u t i o n s ,  t h e  e f f e c t  was a lw a y s  t h a t  a  
s m a l l e r  r e l e a s e  o f  h y d r o g e n  i o n s  o c c u r r e d ,  a s  w ould  be
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e x p e c t e d  i f  t h e  e q u i l i b r i a  o f  e q u a t i o n  ( i i i )  a r e  i n v o l v e d .
A d d i t i o n s  o f  s u l p h a t e  i o n  h a d  a  s t i l l  more m arked  
e f f e c t ,  t h e  f a l l  i n  pH was v e r y  much l e s s  i n  a l l  t h e  s t u d i e s  
w h ic h  w ere  made on s o l u t i o n s  c o n t a i n i n g  s u l p h a t e  i o n .  The 
f o l l o w i n g  r e a c t i o n  w ould  a p p e a r  t o  h a v e  a n  i m p o r t a n t  b u f f e r i n g  
e f f e c t  on t h e  h y d r o g e n  i o n  c o n c e n t r a t i o n ,  t h u s ? -
{ k s o j p  +  H
£m( 3 0 4 )]
and  i r o n  ( 6 0 ) ,  ( 6 1 ) ,  an d  p r o b a b l y  e x i s t  f o r  i n d iu m ,  an d  i f  t h e  
e q u i l i b r i u m  i n d i c a t e d  by ( i v )  o c c u r s  t o  any  a p p r e c i a b l e  e x t e n t  
a s  i s  shown t o  b e  t h e  c a s e  i n  t h e  p r e s e n t  s t u d i e s ,  i t  m u s t  
c a u s e  a  d e c r e a s e  i n  t h e  r e l e a s e  o f  h y d r o g e n  i o n .
h *1 A  L .
M(HS0,) 2  ( i v ) .
* t  a
I o n s  s u c h  a s  |M S ,)1  h av e  b e e n  shown t o  e x i s t  f o r  a lu m in iu m
-1 2 9 -
V (c )  Phase-diagram S tu d ies ,
The e x i s t e n c e  o f  t h r e e  s t a b l e  s o l i d  p h a s e s  h a s  b e e n  
c o n f i r m e d  f o r  t h e  s y s t e m  in d iu m  o x i d e  -  p h o s p h o r i c  o x i d e  -  
w a t e r ,  n one  o f  t h e s e  s o l i d s ' h a s ' b e e n  d e s c r i b e d  p r e v i o u s l y .
At 2 5 ° C . , o n l y  a  p r i m a r y - s e c o n d a r y  ( 1 : 2 )  s a l t  and  a  p r i m a r y  
( 1 : 3 )  s a l t  h a v e  b e e n  f o u n d  t o  o c c u r .  I t  seem ed ,  a t  f i r s t ,  
r a t h e r  s u r p r i s i n g  t h a t  no t e r t i a r y  ( 1 : 1 )  s a l t  o c c u r r e d  a t  
2 5 ° C . , b u t  when s t u d i e s  o f  t h e  s y s te m  w ere  made a t  7 0 ° C . , t h e  
e x i s t e n c e  o f  a  s t a b l e  t e r t i a r y  s a l t  was c o n f i r m e d .  Such a n  
a p p e a r a n c e  o f  a  more b a s i c  s a l t  a t  h i g h e r  t e m p e r a t u r e  h a s  
b e e n  o b s e r v e d  i n  o t h e r  m e t a l  p h o s p h a t e  s t u d i e s .  Thus i n  t h e i r  
e x a m i n a t i o n  o f  t h e  m anganese  p h o s p h a t e  s y s t e m ,  Salmon an d  
T e r r e y  ( 6 2 )  f o u n d  t h a t  a l t h o u g h  m anganese  t e r t i a r y  p h o s p h a t e  
was u s e d  a s  s t a r t i n g  m a t e r i a l ,  no e v i d e n c e  f o r  t h e  o c c u r r e n c e  
o f  i t  a s  a  s t a b l e  s o l i d  p h a s e  was o b t a i n e d .  However ,  w h i l s t  
a  s e c o n d a r y  s a l t  was t h e  s t a b l e  s o l i d  p h a s e  s e p a r a t i n g  f rom  
t h e  more d i l u t e  s o l u t i o n s  a t  25° and  37°» a t  50°C. and  a t  
h i g h e r  t e m p e r a t u r e s  t h i s  was r e p l a c e d  by  t h e  more b a s i c  
d o u b l e  s e c o n d a r y - t e r t i a r y  p h o s p h a t e .
I t  i s  i n t e r e s t i n g  t h a t  a l t h o u g h  in d iu m  t e r t i a r y  
p h o s p h a t e  h a s  b e e n  p r e p a r e d  p r e v i o u s l y  ( 6 3 ) , ( 6 4 ) ,  no s u g g e s t ­
i o n s  h a v e  b e e n  made a s  t o  t h e  num ber  o f  m o l e c u l e s  o f  w a t e r  
p r e s e n t  i n  t h e  s a l t .  From t h e  r e s u l t s  o f  t h e  p r e s e n t  w ork ,  i t  
h a s  b e e n  shown t h a t  t h e ^ a i ' t  c r y s t a l l i z e s  a t  70°C. a s  
InPO. . 2H90$ i t  i s  fo u n c /  t h a t  t h e  same number  o f  m o l e c u l e s  a r e
-1 3 0 -
p r e s e n t  i n  t h e  a i r - d r i e d  in d iu m  t e r t i a r y  p h o s p h a t e  w h ic h  was 
u s e d  a s  s t a r t i n g  m a t e r i a l .
.F o r  p u r p o s e s  o f  d i r e c t  c o m p a r i s o n ,  t h e  f o l l o w i n g  
t a b l e  i n d i c a t e s  t h e  t y p e s  o f  p h o s p h a t e s  fo rm ed  by  a lu m in iu m ,  
i r o n  ( I I I )  and  in d iu m .
TABLE 52 .
M e ta l  P h o s p h a t e s  xM^O^, yP^O^, zH^O
M e t a l  M
......... ■j . ... ' j
M3*  I o n i c
R a d i u s
1 ' ......................................
V a l u e s  o f  z c o r r e s p o n d i n g  t o  v a l u e s  
o f  x : y  =
1 :1 2 s3 : 1 : 2 1 : 3
A1
Pe
I n
°-5°(^ i ?
»• “ is  $
° - 81f S  7 0 c
""l*& 4 
7 & 4
5 *
5*
4 *
10  
110 & 20
7
4
8
8
11*
7
6
6
10 & 6 
10 & 6
7
?
P r e d o m i n a t e  i n  t h e  r a n g e  up  t o  £ a  20%
-13 1 -
V (d) General C onclusions.
W ith  r e f e r e n c e  t o  t h e  r e s u l t s  o f  t h e  i o n - e x c h a n g e  
s t u d i e s ,  i t  may be  s e e n  t h a t  t h e  e x i s t e n c e  o f  b o t h  c a t i o n i c  
an d  a n i o n i c  c o m p le x e s  o f  a lu m in iu m  and  i n d iu m  w i t h  p h o s p h a t e  
h a v e  b e e n  c o n f i r m e d .  F u r t h e r ,  t h e  r e s u l t s  o f  t h e  p H - t i t r a t i o n  
s t u d i e s  p r o v i d e  s t r o n g  s u p p o r t  f o r  t h e  a s s u m p t i o n  o f  su c h  
com plex  f o r m a t i o n .  The c a t i o n - e x c h a n g e  e x p e r i m e n t s  w i t h  t h e  
m e t a l  fo rm  o f  t h e  r e s i n  h a v e  p r o v e d  o f  g r e a t  v a l u e  i n  
e l u c i d a t i n g  t h e  p e c u l a r i t i e s  o b s e r v e d  i n  p H - t i t r a t i o n  e x p e r i ­
m e n t s  w i t h  m e t a l  s u l p h a t e  s o l u t i o n s .
P o l y n u c l e a r  c a t i o n i c  c o m p le x e s  a r e  i n d i c a t e d  f o r  b o t h  
a lu m in iu m  and  i n d iu m  f rom  t h e  r e s u l t s  o f  t h e  p r e s e n t  work on 
s o l u t i o n s  c o n t a i n i n g  p h o s p h a t e  and  c h l o r i d e ,  w h e r e a s  t h e  
r e s u l t s  o f  s i m i l a r  s t u d i e s  by  Salmon ( 5 5 )  on s o l u t i o n s  c o n ­
t a i n i n g  f e r r i c  c h l o r i d e  and  p h o s p h o r i c  a c i d ,  i n d i c a t e d  t h a t  
i n  them a  m o n o n u c l e a r  com plex  s u c h  a s  JVeHPO^j was. p r e s e n t .  
H ow ever ,  r e c e n t l y ,  t h e  e x i s t e n c e  o f  p o l y n u c l e a r  p h o s p h a t o -  
f e r r i c  c o m p le x e s  h a s  a l s o  b e e n  i n d i c a t e d  ( 6 5 ) . The s t a b i l i t y  
o f  t h e  c o m p le x e s  o f  t h e  t h r e e  m e t a l s  u n d e r  c o n s i d e r a t i o n  
seems t o  v a r y .  Thus f o r ' a l u m i n i u m ,  c a t i o n i c  c o m p le x e s  a r e  
s o r b e d  t o  a  s i g n i f i c a n t  e x t e n t ^ o n l y  f rom  s o l u t i o n s  o f  pH 
g r e a t e r  t h a n  1 . 1 5 ,  b u t  f o r  i n d iu m ,  t h e  e f f e c t  o f  pH seems t o  
b e  much s m a l l e r ,  and  in d iu m  p h o s p h a t e  c o m p le x e s  a p p e a r  t o  be  
s o r b e d  o v e r  a  much w i d e r  r a n g e  o f  pH ( f r o m  0 . 9 0  u p w a r d s ) .  I n  
t h e  c a s e  o f  t h e  p h o s p h a t o - f e r r i c  c o m p le x e s ,  a c c o r d i n g  t o
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H o l r o y d  and  Salmon ( 6 5 ) ,  p o l y n u c l e a r  c o m p le x e s  a r e  a l s o  p r e s e n t  
t o  a  l a r g e  e x t e n t ,  a t  pH v a l u e s  abo ve  0 .8 5  and  m o n o n u c le a r  
c o m p le x e s  su c h  a s  t h o s e  r e p o r t e d  by  Salmon ( 5 5 )  o c c u r  a t  pH j
v a l u e s  b e tw e e n  0 .6 5  and  0 . 8 5 .  The f o r m a t i o n  o f  t h e s e  p o l y -  I
j
n u c l e a r  c o m p lex e s  i n  t h e  c a s e  o f  t h e  a lu m in iu m  c h l o r i d e -  j
p h o s p h o r i c  a c i d  s o l u t i o n s  w ould  a c c o u n t  f o r  t h e  d i f f i c u l t i e s  j 
e n c o u n t e r e d  by  B j e r r u m  and  Dahm ( 5 9 )  i n  a t t e m p t i n g  t o  i n t e r p r e t ]  
t h e i r  r e s u l t s  on a q u a n t i t a t i v e  b a s i s ,  s i n c e  t h e y  d i d  n o t  t a k e  | 
i n t o  a c c o u n t  t h e  p o s s i b i l i t y  o f  t h e  p r e s e n c e  o f  s u c h  co m p lex es . ]
IW ith  t h e  many p o l y n u c l e a r  c o m p le x e s  w h ich  a r e  p o s s i b l e , ]  
i t  i s  d i f f i c u l t  t o  d e c i d e  f rom  t h e  d e r i v e d  v a l u e  o f  q w h ich  I
Iji
co m plex  o r  m i x t u r e  o f  c o m p le x e s  i s  b e i n g  s o r b e d .  F o r  t h e  j
p h o s p h a t e - b r i d g e d  com plex  j f t b^PO^) ( O H ) w h i c h  may a l s o  be  J 
f o r m u l a t e d  jV ^ H P O ^ ) ( OH) J  t h e  v a l u e  o f  q * 4 . 6  f o r  p = 2 . 8 ,  j 
q * 4 . 8  f o r  p = 2 . 9 ,  and  q = 5 . 0  f o r  p * 3. 1
I t  h a s  b e e n  assum ed  t h a t  t h e  c o m p le x e s  w i l l  c o n t a i n  
-P O ^-  b r i d g e s , b u t  s h o u l d  t h i s  p r o v e  i n c o r r e c t  and  t h e  b r i d g i n g  
b e  fo u n d  t o  o c c u r  t h r o u g h  h y d r o x o -  o r  o x o -  g r o u p s ,  t h e n  i n  any  
c a s e  t h e  p r o b le m  w ou ld  be  t o o  com plex  t o  s o l v e .  I n  p o i n t  o f  
f a c t ,  work c a r r i e d  o u t  by  H o l r o y d ,  J a m eso n ,  O d e l l  and  Salmon 
( 6 6 ) ,  on some s i m i l a r  f e r r i c  c o m p l e x e s ,  h a s  e s t a b l i s h e d  t h a t  
i n  t h a t  s y s t e m  p h o s p h a t o -  g r o u p s  d o ' a c t  a s - b r i d g e s .  Hence* 
by  a n a l o g y ,  i t  may be  assum ed  t o  o c c u r  i n  t h e  p r e s e n t  s y s te m .
The p r e s e n c e  o f  a n i o n s  c o n t a i n i n g  t h r e e  p h o s p h a t e  
g r o u p s  p e r  m e t a l  a tom  h a s  b e e n  i n d i c a t e d  i n  s o l u t i o n s  o f  
a lu m in iu m  p h o s p h a t e  an d  o f  in d iu m  p h o s p h a t e  i n  p h o s p h o r i c  a c i d .
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Prom t h e  a lu m in iu m  p h o s p h a t e  s o l u t i o n s ,  a n  i o n  o f  t h e  t y p e  
j ^ l ( H P O ^ ) ^ p  a p p e a r s  t o  be  s o r b e d  i n  t h e  f i r s t  i n s t a n c e ,  b u t  
t h o r o u g h  w a s h i n g  o f  t h e  r e s i n  w i t h  w a t e r  c o n v e r t s  t h i s  t o  t h e  
J\A1(P0^)^J ^ i o n .  I n  t h i s  r e s p e c t  a lu m in iu m  r e s e m b l e s  i r o n .
I n  t h e  c a s e  o f  in d iu m  p h o s p h a t e  s o l u t i o n s ,  h o w e v e r ,  a l t h o u g h  
th e .  i o n  j^In(HPO^) J  i s  p r o b a b l y  s o r b e d  a t  f i r s t ,  t h o r o u g h  
w a s h i n g  w i t h  w a t e r  seems t o  c o n v e r t  i t  o n l y  a s  f a r  a s  t h e  
JlnH^CPO^)^ ^ s t a g e .  I n  a l l  c a s e s ,  t h e  a d d i t i o n  o f  a c i d  t o  
s o l u t i o n s  s i m i l a r  t o  t h e  above  ( i . e . c o n t a i n i n g  m e t a l  and  
p h o s p h a t e  i o n s  o n l y ) ^  seems t o  i n h i b i t  r a p i d l y  t h e  s o r p t i o n  
o f  a n y  a n i o n i c  p h o s p h a t e  c o m p le x e s  by  t h e  a n i o n - e x c h a n g e r . I t  
i s  n o t e w o r t h y  t h a t  t h o s e  c o m p le x e s  w h ic h  a r e  fo rm ed  i n  
s o l u t i o n s  w i t h  a  h i g h  r a t i o  o f  : jftfj a p p e a r  t o  be  mono­
n u c l e a r .  I f  t h e  HPO^ o r  PO^ g r o u p s  p r e s e n t  i n  them a r e  b i d e n -  
t a t e ,  t h e n  t h e  c o - o r d i n a t i o n  num ber  o f  6 f o r  t h e  c e n t r a l  a tom  
i s  s a t i s f i e d  by  t h e  p r e s e n c e  o f  t h r e e  s u c h  g r o u p s .  The a b s e n c e  
o f  c o m p le x e s  w i t h  f o u r  o r  more p h o s p h a t e  g r o u p s  would  s u g g e s t  
t h e r e f o r e  t h a t  t h e  p h o s p h a t e  g r o u p  i s  i n  f a c t  b i d e n t a t e  ( i f  a  
c o - o r d i n a t i o n  number  o f  6 f o r  t h e  m e t a l  i s  a s s u m e d ) .
The f o r m a t i o n  o f  p o l y n u c l e a r  c o m p le x e s  a t  t h e  l o w e r  
r a t i o s ' o f  [p O^ J^ : (j\fj ( i n  t h e  s o l u t i o n )  i n d i c a t e  t h a t  t h e r e  m us t  
b e  a  c e r t a i n  s t r a i n  i n  t h e  c h e l a t e  r i n g  and  t h a t  u n d e r  t h e s e  
c o n d i t i o n s ,  t h e  p h o s p h a t e  g ro u p  t e n d s  t o  b r i d g e  r a t h e r  t h a n  
c h e l a t e .  W ith  a lu m in iu m ,  i n  p a r t i c u l a r ,  t h e  i o n - e x c h a n g e  
e x p e r i m e n t s  s u g g e s t  t h a t  o n ly  a  low  c o n c e n t r a t i o n  o f  mono­
n u c l e a r  a n i o n i c  c o m p le x e s  m ig h t  b e  f o r m e d ,  w h ich  i f - t r u e ,
w ould  r e f l e c t  t h e  e x t r a  d i f f i c u l t y  o f  c h e l a t i o n  w i t h  t h e  ;
a lu m in iu m  i o n .  I t  i s  i n t e r e s t i n g  t o  n o t e ,  h o w e v e r ,  t h a t  t h e  
i n d iu m  i o n ,  a l t h o u g h  much b i g g e r  t h a n  t h e  f e r r i c  i o n ,  i s  s t i l l  i
n o t  t o o  l a r g e  f o r  t h e  c h e l a t e  r i n g  t o  b e  fo rm e d .  j
Prom t h e  p h a s e - d i a g r a m  s t u d i e s  o f  t h e  i n d iu m  p h o s p h a t e s ’ 
a t  25°0 .  and  a t  7 0 ° G . , i t  a p p e a r s  t h a t  w h i l e  t h e  in d iu m  s a l t s  j 
a r e  s i m i l a r  i n  a p p e a r a n c e  t o  t h e  a lu m in iu m  p h o s p h a t e s  ( a s  j
m ig h t  be  e x p e c t e d  s i n c e  t h e y  b o t h  o c c u r  i n  t h e  same g r o u p  i n  
t h e  p e r i o d i c  t a b l e ) ,  i n  t h e i r  c o n s t i t u t o r  t h e  i n d iu m  |
p h o s p h a t e s  a p p e a r  t c  be  much more l i k e  t h e  f e r r i c  p h o s p h a t e s ,  j  
As a l r e a d y  n o t e d ,  h o w e v e r ,  t h e  i n d iu m  p h o s p h a t e s  s t a n d  some- |
i
w h a t  a p a r t  f rom  t h e  o t h e r  two w i t h  r e g a r d  t o  t h e  c o m p o s i t i o n  | 
o f  t h e  s t a b l e  s o l i d  p h a s e s .  Any c o n c l u s i o n s  c o n c e r n i n g  t h e s e  j 
w h ic h  m ig h t  be  b a s e d  on c o n s i d e r a t i o n s  o f  i o n i c  r a d i i  seem t o  j 
be  r u l e d  o u t  a t  t h e  p r e s e n t  s t a g e .  I t  seems t h a t  t h e y  c a n n o t  j 
a s  y e t  be  made on a  s u f f i c i e n t l y  r e l i a b l e  b a s i s  u n t i l  more 
t e r v a l e n t  m e t a l  p h o s p h a t e  s y s t e m s  h a v e  b e e n  s t u d i e d .
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